ARR No. 3G31 



NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 



WARTIME REPORT 



ORIGINALLY ISSUED 

July 19^3 as 
Advance Restricted Report 3G31 



DESIGN, SELECTION, AND INSTALLATION OF AIRCRAFT 
HEAT EXCHANGERS 
By George P • Wood and Maurice J. Brevoort 



Langley Memorial Aeronautical Laboratory 
Langley Field, Va. 



MAC 




WASHINGTON 



NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of 
advance research results to an authorized group requiring them for the war effort. They were pre- 
viously held under a security status but are now unclassified. Some of these reports were not tech- 
nically edited. All have been reproduced without change in order to expedite general distribution. 



L - 3^1 




FOREWORD 

At the present time the aircraft industry is undergoing 
rapid expansion and a relatively large number of new men are 
working in the aircraft -cooling field. The amount of train- 
ing that many of these men have had in the general field of 
heat transfer and particularly in the specialised field of 
heat transfer in connection with aircraft is necessarily 
. rather limited. Some of them are consequently confronted 
S with the problem not only of becoming oriented in the field 

1 of heat transfer but also of trying to read, assimilate, and 

r evaluate in a limited time the large number of reports that 
have been published on the design, selection, and installa- 
tion of aircraft heat exchangers. 

Realizing that the above conditions existed, the Bureau 
of Aeronautics requested the National Advisory- Committee for 
Aeronautics to prepare a report summarizing present knowledge 
regarding heat exchangers as applied to aircraft. 

The authors of the present report believe that the prob- 
lem can be alleviated by use, as a textbook, of a report in 
which the present knowledge about the elements of design, se- 
lection, and installation is summarized. The authors also 
believe that men experienced in the field can use as a refer- 
ence book a report in which the pertinent data, which have 
been published in many separate papers, are collected. They 
hope that the present report can fill both these needs,; that 
it will be found useful both as a textbook and as a reference 
book. 

It is not intended that this report entirely take the 
place of standard texts on heat transfer, which give thorough 
treatments of heat transfer in general. It is neither neces- 
sary nor desirable to include in the present report a detailed 
treatment of the mechanism of fluid flow and of heat transfer. 
For such a treatment, including a discussion of turbulent 
boundary layers , analogies between heat transfer and fluid 
friction, and so forth, reference 1 is recommended. 

Inasmuch as a great deal of research is being done on 
the subjects covered., by the present report, revision will 
probably be desirable from time to time. The authors will 
welcome comments and suggestions for improvements in presen- 
tation and scope of the material included in the report. 
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SUMMARY 



A survey of the subject of aircraft heat exchangers la 
given in the present report. The report is divided into 
three main parts. Part I, entitled "Design/* presents the 
fundamental relations for calculating heat-transfer rate and 
pressure loss in heat exchangers, numerical data for use in 
applying these relations to various designs, energy-balance 
equations for fluid flow, methods of calculating the power 
cost of heat exchangers, and a discussion of the application 
of the foregoing material to the design of heat exchangers. 
Fart II, entitled "Selection/ 1 discusses the selection of 
the external dimensions of coolant radiators, air inter- 
coolers, oil coolers, and engine fins. Part III, entitled 
"Installation," considers the problems of installing heat 
exchangers in aircraft; namely, the design of engine cowlings, 
wing entrances, scoops, exits, and ducts. Appendixes give 
the physical properties of air, the properties of standard 
atmosphere as defined by the Navy, the Amy, and the NACA : 
and an impact-pressure) chart. 



INTRODUCTION 



A short time ago the power produced by the power plants 
of airplanes was small and the altitude of operation of air- 
planes was low. On account of the small engine power, the 
inefficiency with which that power was developed, and the 
fact that long range was not required of airplanes, the effi- 
ciency with which cooling was obtained was a relatively 
unimportant consideration. On account of the low altitudes 
of operation, the cooling problem was not a difficult one, 
Heat exchangers were usually selected to have as small a 
volume as possible and still be able to function on the 
available pressure drop. 
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Effort 3 are being directed currently toward increasing 
the range of bombers and cargo airplanes. The need for 
greater range and carrying capacity and the large engine 
powers that are used today make it important that cooling be 
obtained efficiently. The high altitudes at which present- 
day airplanes operate also make the cooling problem more 
difficult than It formerly was. 

The efficiency and the cooling capacity of heat exchangers 
generally can be increased bys (1) improving the design of 
the elements of which they are constructed, (2) selecting 
better proportions for their external dimensions, and (J) im- 
proving their installation in the airplane. The present re- 
port is therefore divided into three main parts? I - Design; 
II - Selection; and III - Installation. Part I is an attempt 
to treat in simple terms the fundamental relations by which 
heat-transf or rate, pressure drop, and power consumption in 
heat exchangers are calculated. It also contains a resume' 
of the experimental data on the heat-transfer and pressure- 
drop characteristics of many designs* Part II treats methods 
of selecting the external dimensions of heat exchangers of a 
given design. Part III is a consideration of the problems 
of design of the air entries, ducts, and exits that are asso- 
ciated with heat exchangers. 



SYMBOLS 




A 



cross-sectional area of fluid passage, square feet 
open frontal area of heat exchanger, square feet 



projected frontal area of scoop, square feet 



c 



speed of 



sound, feet per second 



c 



guide-vane chord, feet 



specific heat of fluid at constant pressure, Btu 
per pound per °F 



specific heat of fluid at constant volume, Btu per 
pound per °P 



C 



constant in definitions of generalized radiator 
variables, foot-pounds per second per cubic foot 
of open radiator volume' 



Cd/ c L ratio of drag coefficient to lift coefficient of 

airplane 

Cd s drag coefficient of scoop, based on projected 

frontal area 

H C'ij Gg* C5, C[|_ numerical constants 

I D hydraulic diameter of passage, feet 

diameter or width of duct, feet 

D drag, pounds 

f fin effectiveness, dimensionless 

friction factor, dimensionless 
ratio of cross -sectional areas of passages, 
dimensionless 

f R ratio of open to total frontal area of radiator 

p mechanical energy lost per unit weight of fluid 

because of friction, foot-pounds per pound 

g acceleration due to gravity, feet per second per 

second 

h coefficient of heat transfer, Btu per second per 

square foot per °F 

h a coefficient of heat transfer based on AT a , Btu 

per second per square foot per °P 



hj_ coefficient of heat transfer based on AX£, Btu 

per second per square foot per °P 

hg local coefficient of heat transfer at dS, Btu 

per second per square foot per °P 

h t over-all coefficient of heat transfer between two 

fluids, Btu per second per square foot per °P 

h x local coefficient of heat transfer at x, Btu per 

second per square foot per °F 

H rate of heat transfer, Btu per second 

H total pressure | pounds per square foot 

AH loss in total pressure, pounds per square foot 



J mechanical equivalent of heat (7?8 foot-pounds 

per Btu) 

k loss coefficient for duet, diffuser, corner, and 

so forth (All/q) 

k thermal conduct ivJ.ty of fluid, Btu per second per 

square foot oer °F per foot 

k m thermal conductivity of metal, Btu per second per 

square foot per °F per foot 

k pressure coefficient 

P V J o/ 

K^, K£ constants in definitions of generalized radiator 

variables 

I exponent in equation (5) 

L length of fluid passage, feet 

L c length of cooling-air passage, feet 

L e length of engine-air passage, feet 

Ln length of intercooler in no-flow direct ion # feet 

IB exponent in equation (5) 

n n center-to-center tube spacing normal to direction 

of air flov:, feet 

center-to-centor tube spacing i;>arallei to direction 
of air flow, feet 

88 Mach number 

n number of tubes 

p static pressure, pounds per square foot 
Pal r 

g ratio of pressure; rise across blower at altitude 
*50,000 to press\.ire rise across blower at yd, 000 feet 

Ap c static-pressure drop of cooling air, pound.s per 

square foot 

Apf static-pressure drop due to friction, pounds per 

square foot 
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Ap m statie**pr assume drop due to momentum increase, 

pounds per square foot 

P net power cost of cooling, foot-pounds per second 

P c power for pumping cooling air, foot-pounds per 

second 

P g power for overcoming scoop drag, foot-pounds per 

second 

Pfc total power cost of heat exchanger, foot-pounds 

per second 

?W power cost of transporting weight of heat exchanger, 

foot-pounds -oer second 

p alt 

~ — : ratio of power cost of blower at altitude to power 

-'"50,000 cost of "blower at 50,000 feet 

q dynamic pressure, pounds per square foot 

Q, volume rate of flow, cubic feet per second 

Q, c volume rate of flow of cooling air, cubic feet 

per second 

Qt e volume rate of flow of engine air, cubic feet per 

second 

r^ radius from center of cylinder to root of fin, 

feet 

R Reynolds number, dimensionless (R « pVD/V) 

R gas constant in pv » RT 

R radius of curvature of duct, feet 

R^ radius of curvature at diffuser exit, feet 

R u radius of curvature at diffuser entrance, feet 

s fin spacing, feet 

s guide -vane spacing or gap, feet 

S surface area for heat transfer, square feet 



area of cylinder wall, square feet 

area of unf limed part of heat-transfer surface, 
square feet 

area of fin surface, square feet 

surface area for heat transfer between two fluids, 
square feet 

fin thickness, feet 
v/all thickness, feet 

temperature, °F 

temperature of cold fluid, °F 

temperature of fluid, °P 

temperature of lot fluid, °F 

temperature of wall, p 

temperature difference, °P 

mean temperature difference; logarithmic-mean 
temperature difference, °F 

arithmetic-mean temperature difference, °F 

rise in temperature of cold fluid, °F 

temperature difference between fin and fluid, °F 

temperature difference betveen direct surface and 
fluid, °F 

drop in temperature of hot fluid, °? 

internal or intrinsic energy per unit weight of 
fluid, Btu per pound 

volume of heat exchanger, cubic feet 
open volume of heat exchanger, cubic feet 

•specific volume of gas, cubic feet per pound (l/gP) 

speed of fluid, feet per second 



speed of air at minimum cross section of tube 
bank, feet per second 

fin width, feet 

weight rate of flow of fluid, pounds per second 

weight rate of flow of cooling air, pounds per 
second 

weight rate of flow of engine air, pounds per 
second 

weight rate of flow of hot fluid, pounds per 
second 

total mechanical work done by unit weight of 
fluid, foot-pounds per pound 

rate at which mechanical energy is recoverable 
from heat input, foot-pounds per second 

duct height, feet 

net external mechanical work done on unit weight 
of fluid, foot-pounds per pouna 

distance from tube entrance of cross section at 
which h x is measured, feet 

ratio of specific heats (cp/c v ) 

factor to account for weight of heat-exchanger 
mount ing , dlmens i onle s s 

mean temperature difference between hot fluid and 
cold fluid divided by inlet temperature 
difference, dimensionless 

rise in temperature of cold fluid divided by 
inlet temperature difference, dimensionless 

efficiency of diffuser, dimensionless 

efficiency of supercharger, dimensionless 

one-half the included angle of expansion of 
di f f u s er , degrees 
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6 angle through which air is deflected by duct 

corner, degrees 

\i coefficient of viscosity of fluid, slugs per 

foot -second 

£ drop in temperature of hot fluid divided by inlet 

temperature difference , dimensionless 

p mass density of fluid, slugs per cubic foot 

P R density of radiator based on open volume, pounds 

per cubic foot 

a ratio of density at altitude to density at sea 

1 e ve 1 , d inen s i on 1 e s s 

0 dimensionless group for correlating laminar-flow 

heat-transfer coefficients, figure r ; 
^Prandtl number x Reynolds number x 

Subscripts : 

1, 2 two fluids in a heat exchanger 

0, 1, 2, 3 stations shown in figure 17 

1 inlet 
o outlet 

A superscript bar indicates a mean value, and a prime indicates 
a generalized variable, Symbols in equations and figures 
taken from references have been changed throughout to the 
notation of the present paper « 



I - D E S I G N 



Every design of heat exchanger can be visualized as an 
arrangement of tubes. Conventional coolant radiators and 
ail coolers are composed of bundles of circular tubes through 
which the cooling air flows and over which the liquid flows. 
Some Inter cooler a are likewise composed of bundles of circu- 
lar tubes. Others arc made up of flat plates as dividing 
surfaces between the two fluids, with indirect cooling sur- 
faces attached. The air flows through passages that m&$ be 
considered tubes. The passages that are formed by the cylin- 
der walls, the fins, and the baffles of an air-cooled engine 
may likewise be thought of as tubes. 

In the design of a heat exchanger, it is desirable that 
the heat-transfer and the pressure-drop characteristics of 
the elements or tubes be known. Part I is concerned with 
the factors that influence these characteristics; namely, 
the dimensions, the shape, the spacing, and the arrangement 
of the tubes, and the velocity and the physical properties 
of the fluid. 

The flow of fluids through the tubes or passages can in 
general be characterized as laminar or turbulent. In lami- 
nar flow, each particle of the fluid flows in a line that is 
nearly parallel with the axis of the passage. There is 
practically no mixing of various parts of the fluid. In 
turbulent flow, the particles of the fluid move in an agi- 
tated, disorderly, eddying type of motion. Rate of heat 
transfer and fractional pressure drop are different for the 
two types of flow. The type of flow that takes place in a 
tube depends principally on the Reynolds number. The 
Reynolds number for flow through a tube is defined as the 
dimensionless group pVD/jj, where D is to be taken as the 
hydraulic diameter of the tube. The critical Reynolds 
number below which laminar flow always occurs and above which 
turbulent flow usually occurs is about 2100 for a circular 
tube, provided that the length-diameter ratio of the tube is 
large enough for turbulent flow to be developed. For the 
tubes of small length-diameter ratio commonly used in aircraft 
heat exchangers, the flow may be considered turbulent if the 
Reynolds number is not less than 6000 to 8000. 

In correlating data on fluid flow, the concept of 
hydraulic diameter is useful. The hydraulic diameter of a 
tube of any cro3s-sectional shape is defined as four times 
the cross-sectional area of the tube divided by the perimeter 
of the tube. For example, the hydraulic diameter of a 
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rectangular tube of sides a and b is 2ab/(a + b). The 
hydraulic diameter of a circular tube is' the geometric dia- 
meter of the tube. 



HEAT TRANSFER 

In a study of the transfer of heat in aircraft heat 
exchangers, interest is centered, on transfer by forced con- 
vection. The role played by radiation is a relatively unim- 
portant one. Although conduction through solids is a 
necessary factor in the functioning of heat exchangers, a 
detailed consideration of conduction is not necessary. The 
treatment of heat transfer in the present report is therefore 
primarily a treatment of heat transfer by forced convection. 

A foundation for the discussion of the heat transfer 
between the two fluids of a heat exchanger is laid by a dis- 
cussion of the heat transfer between a fluid and a surface. 



HEAT TRANSFER - BETWEEN FLUID AND SURFACE 

Two Fundamental Equations 

Consider a cold fluid flowing past a hot surface. The 
temperature difference that exists between the wall and the 
main body of the fluid is shown in figure 1. Experiment 




Figure 1. - Temperature difference between hot wall and. cold 
fluid. 

shows that drl, the amount of heat transferred per unit time 
to the fluid from an elenent of surface area dS, is 
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proportional to the area <3f the surface element and to the 
temperature difference AT existing between the surface and 
the body of the fluid at the element dC; that is, 

dH *c AT d3 

H If a proportionality factor hg la used, the equation re- 

^ lating these quantities is 

to 

^ dll = h s AT dS (1) 

The rate of heat transfer from the entire surface S 
to the fluid is given by integration of equation (1). In 
the general case, he is a function of the temperature of 
the fluid, which varies over the surface and is a function 
of H. For air, however, the value of h^ is practically 
independent of temperature and tig may be replaced by h. 
, The temperature difference AT is a function of both the 
fluid and the surface temperatures, which are functions of 
H# The integration of equation (1) may therefore be indi- 
cated as 



H = h/dS (2) 

If the integration of equation *(2) is performed, 

H = hS AT (3) 

where AT is the mean temperature difference between the 
entire surface and the fluid. The actual integration shows 
that AT is the logarithmic-mean temperature difference, 
defined as 

__ AT 4 - AT 0 
AT = * - 

LL AT 



log 



I 



AT G 

Equation (J) is the fundamental equation on which Is based 
the treatment of heat transfer between a fluid and a surface 
by forced convection. 

The transfer of heat, which is determined by equation (J), 
must also satisfy the energy-balance equation 

H = w Cp (T Q - Ti) (k) 

(A more precise form of the energy-balance equation, which 
must be used occasionally, is given later in equation (1+0).) 
Calculations for the prediction of the heat- transfer rate in 
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a given piece of apparatus must take into account both equa- 
tions (3) and (ii ) . An example of the combination of these 
equations into a single working equation is given later in 
the discussion of the application of heat transfer to 
radiators . 



Coefficient of Heat Transfer h 

The quantity h appearing in equation (J) is .known as 
the coefficient of heat transfer. Experiments show that tne 
value of b depends on the type of flow, the arrangement of 
the surface area, the hydraulic diameter of the passage, and 
the velocity and the physical properties of the fluid. It 
is the pur nose of the present section to give equations and 
data that will permit the calculation of the value of h 
for the various' conditions encountered in aircraft heat 
exchangers . 

Turbulen t flow- through straight tube s. - It has been 
found that experimental determinations of the values of K 5 
for turbulent flow through straight tubes with cross sections 
of any shape generally can be correlated by the single 
equation 



hD _ n foptjgf feVD VI1 



where 



hD 



Nu3«elt number, dirnensionless 
Frandtl number, dirnensionless 
and, as before, 

•£^2 Reynolds number, dirnensionless 

For the turbulent flow of air through smooth straight tubes, 
the best values for the exponents I and m and the con-' 
stant Ci in equation (5) for both heating and cooling, as 
given in reference 1, are 

d * 0.025 

I = O.lj. 
m = 0.3 
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H 

«5H 



Substitution of these values in equation (5) gives 

= 0 . 02; ff5)°- U ^)°- 3 ,6, 

For air, • ^ ■ s Omjo and -nay bo considered constant with 

respect to temperature and pressure. Equation (6) then 
l ? reduces to 

' f = o.o2 (H2) 0 - 3 (7 ) 

Because, for the units used in the present report, the 
numerical value of k is 10 times the numerical value of [i 
for air at any given temperature, the equation further 
simplifies to 

h * 0.2 (^°' 2 (pv) 0 - 8 < (8) 

(The constant 0.2 obviously is not dimensionless . ) 

For the steady flow of air through a tube of constant 
hydraulic diameter and constant cross-sectional area, the 
quantities D and pV in equation (8) are constants 
throughout the length of the tube. The coefficient of 
viscosity [i is a function of temperature alone. The 
variation of throughout the length of a tube of a 

heat exchanger is very small. For the turbulent flow of 
air, therefore, the value of h can be considered constant 
throughout the length of the tube. 

Proble- ] • 

Calculate the heat- transfer coefficient h for the 
flow of air through" a circular tube l/L inch in diameter. 
The initial air temperature is 0° P and the final tempera- 
ture is 75° F« The initial density is 0.0022 slug per 
cubic foot and the initial velocity is 100 feet per second. 

Solutio n : 

The value of h is found by using equation (8), 

h = 0.2 C&)° * (PV) 0 * 8 Btu/sec/sq ft/°F (3) 

The value of y at the average air temperature of $7.5° P, 
as found from figure 67 of appendix A, is 

\i = J.6 x 10*7 slug/ft -sec 



The initial value of pV can tee used because pV is a con- 
stant throughout the length of the tube. Then, 

h=0 . 2 flAjLMY- 2 ( ,. 2 xio-3xio^) 0 - 8 
\ io' / 

- 0.2 x 0.11 x O.J 

a 6.6 x 10"? Btu/sec/sq ft/°F 

Profelem! - , , 

g^ lc1alate the W eight rate of flow W for 2p0 of the 

tubes in the preceding problem. 



solution: 



fi = gApVn 



a *2.2 x ? x f tto J x 0.0022 x 100 x 250 



v2 



= 0.60 lb/sec . 

The transition region . - Between the entrance to a tube 
and the region in which the flow in the tube has the charac- 
teristics of fully developed turbulent flew, there is a 
region of transition in which the velocity distribution 
across the tube is changing from a uniform distribution at 
the entrance of the tube to the distribution that charac- 
terizes turbulent flow. (See fig. 2.) In the transition 




Figure 2. - Velocity distribution near tube entrance and 
velocity distribution of turbulent flow. 



region, the value of h is somewhat greater than the value 
given by equation (6), which applies to fully established 
turbulent flow. It is advisable, however, to use the smaller 
value belonging to fully developed turbulent flow, as given 
by equation (6), in making calculations for the types of heat 
exchanger now in common use. Experience has shown that, 
with the Reynolds numbers and the tube lengths usually 
employed in heat exchangers, the effect of the transition 
region can be neglected and equation (6) can be used for 
calculating h. 

Turb\;lent flow across tube banks . - Experimental de- 
terminations of h for the turbulent flow of air across 
banks of circular tubes can also be correlated by equa- 
tion (5K rewritten to read 

In equation (9)> Reynolds number is based on the velo- 
city of the air at the minimum free area V^y and on the 
outside tube diameter D. The exponent m of equation (5) 

equals 0.6 and the quantity i J has been replaced 

by Co. The value of C2 depends on: (1) the ratio of 
the center-to-center spacing of the tubes parallel to the 
direction of the air flow to the outside diameter of the 
tubes m^/D, (2) the ratio of the center-to- center spacing 
of the ttlbe3 normal to the direction of the air flow to the 
outside diameter of the tubes m n /D, and (5) the arrangement 
of the tubes, that is, whether they are in line or staggered. 

The values of C2 &s a function of tube spacing have 
been calculated from the data of reference 2 and are given 
for in-line tubes in figure 3 &nd for staggered tubes in 
figure 1],. The data of figures J and lj_ are applicable only 
when the tube bank is at least; 10 rows deep; they are most 
nearly accurate for a Reynolds number of 8000 and, for most 
purposes, are sufficiently accurate over a fairly wide range 
of Reynolds numbers. 

pr oblem ; 

The tubes of a heat exchanger in which the cooling air 
flows across the tubes are so spaced that the center-to- 
center distance betv:een tubes in the direction normal to the 
air flow m n is 0.1+5 inch and in the direction parallel to 
the air flow m p is O.35 inch. The outside tube diameter 
D is 0.25 inch, the average fluid temperature is 50° P, an«A 
the average fluid pressure is 20 inches of mercury. The 
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Figure J. - Constant C2 &! 
flow of air across in-line 



a function of tube spacing for 
tubes. (Data from reference 2.) 




Picmre - Constant C2 as a function of tube spacing for 

flow of air across staggered tubes. (Data from reference 2.) 



IV 



velocity of the air at the minimum cross-section V max is 
measured as 65 feet per second. What is the value of the 
heat-transfer coefficient h (a) if the tubes are staggered 
as shown in figure l± and (b) if the tubes are in line as 
H Shown in figure 3? 



Solution ; 

(a) The heat-transfer coefficient h is found by 
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h r: g C 2 ( BSE y 3tu/sec/sq ft/°? (9) 

From figure 67 $ 

k = 3.67 x 1Q-^ 3tu/sec/sq ft/°?/ft 

and 

[i s= 3.67 x iCT? slug/ft -sec 

Por the staggered tubes, from figure l± $ for 

%/D a 0 •45/0 .25 ft 1.8 and m p /D = 0,35/0,25 b l.k, 

c 2 = 0.335 

The density p is found as follows: The density of NACA 
standard air under sea-level conditions - pressure, 
29.92 inches of mercury; temperature, 500 p m ± 3 0.OO2378 
slug per cubic foot. (See appendix B« ) The density at a 
pressure of 20 inches of mercury at 5^° F is therefore 

• P = 0.0023-8 X X || 

= 0.00162 slug/cu ft 
If this value is substituted in equation (9), 

h = 3.67 x 10-6 x W x 0.3J5 ^jL^Ll£ j** 

B 1,1 X 10" 2 Btu/sec/sq ft/°F 

(b) For the in-line tubes, for m^/D a 1.8 and 
mp/D = 1.4, figure 3 gives 

G £ = 0.2? 
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Therefore, 

= 3.9 x 10-3 • Btu/sec/sq ft/°F 

Lamina r flow through tubes. - In contrast with the case 
of turbulent flow through tubes, the case of laminar flow 
through tubes is In an unsatisfactory status . As previously 
pointed, out, the value of h for turbulent flow can be con- 
sidered constant throughout the length of the tube. For 
laminar flow, however, the value of h generally is a 
function of the length of the tube. Equation (2) accordingly 
becomes 

H = § h x US dx (10) 

The integration in equation (10) is relatively difficult. 
The problem is greatly simplified by using, instead of equa- 
tion (10), equation ($) 

K = hS AT (3) 

in which AT is the logarithmic -me an temperature difference 
and h is the corresponding heat-transfer coefficient. 
Although h does not represent the true mean value of h x , 
its use has definite advantages in addition to the simplicity 
of equation (5)« Convenient equations are available for 
approximating h. The use of h permits comparisons with 
results for turbulent flow. As L increases, h approaches 
a lower limit that is the same as the lower limit of h x . 

Fewer experimental data on heat transfer are available 
for laminar flow than for turbulent flow. The results that 
are presented in the following paragraphs are theoretical 
results taken from reference J. In order to obtain these 
results, certain simplifying assumptions were made relative 
to the conditions under which the heat transfer occurs. If 
it be assumed that both the tube -wall temperature and the 
fluid properties - Cp, p, and k - are constant throughout 
the length of the tube and that the velocity distribution 
across the tube is parabolic, the value of h is given by 
figure r ; (fig. 2 of reference 3), Figure 5 shows the 
Nusselt number hD/k as a function of £, where 

0 B C P M ' S pvd 2 
k [i L 
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100 



hD/k 




Figure 5. - Theoretical heat-transfer correlation for lami- 
nar flow - Nusselt number as a function of !• 

c n!- l S pVD D 
k a L* 



( E^rom reference J r ) 



One curve of figure 5 is for flow through circular tubes; 
the other is for flow between flat plates of infinite extent 
perpendicular to the flow direction. It should be noted 
that h is approximately a constant for small values of £ . 

The curves of figure 5 can be approximated by the 
following relations; 



For circular tubes, 
hD 



K. 



a > 12 



= 3.66 



» < 12 
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For flat plates, 

^-1.35§ 1/3 * > 70 

= 7.60 0 < 70 

The limiting values that hp/k approaches (from above) 

as 0 decrease 0 , are shown in table I, which is taken from 
reference 7 :> ; 



TABLE I. - LOWER LIMITS APPROACHED BY hD/k AS £ DECREASES 



Conditions assumed 


Parabolic 
velocity 
dis tribut ion 


Uniform 
velocity 
distr ibut ion 


Circular tubes ; 






constant wall temperature 


\ * 3.66 : 


5.30 


Circiilar tubes; constant 




heat input per unit length 




8.00 


Infinite flat plates; 






constant wall temperature 


7.60 


9.88 


Infinite flat plates; constant 




heat input per unit length. 


12.00 



Values are given for both a parabolic velocity' distribution 
and a uniform velocity distribution, under the assumptions 
of constant wall temperature and constant heat input per unit 
length. Generally , none of these conditions is realized in 
practice. In lieu of more directly applicable results for 
cases occurring in practice, however, it may be found con- 
venient to estimate, from the data of table I, the value of 
hD/k for any given set of conditions. For the sake of 
safety, the lowest of the more nearly applicable values given 
in the table might be used as the average value of hD/k 
throughout the tube . 



Mean Temperature Difference AT 

When the heat-transfer coefficient h is constant and 
the temperature of the fluid changes linearly with the amount 
of heat transferred to or from it, the proper mean tempera- 
ture difference AT for use in equation (J) 



II ar hS AT 



(3) 
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is the logar ithmic-mean temperature difference 



AT,- 

AT = = 



lege 



at 0 
atT 



(ID 



H 

to 



All equations and numerical data given in the present report 
for correlating and calculating valuers of h are based on 
this definition of mean temperature difference. Two other 
definitions of AT have been used, however, in the litera- 
ture; the inlet temperature difference and the arithmetic- 
mean temperature difference. The convection equations 
corresponding to these definitions are, respectively, 



H = hi 3 A' 



H a hoS AT, 



Although the use of these alternative definitions- of tempera- 
ture difference is permissible, the use of the inlet differ- 
ence in particular is inadvisable because It does not permit 
correlation of test results over a wide range of the 
variables that determine the rate of heat transfer. 



In many cases, when the difference between AT-^ and 
AT 0 is not too large a part of AT^_ , the arithme tic-mean 
difference defined as 




can be used, with negligible error, instead of the logarithmic- 
mean difference. In fact, when AT 0 is larger than 
■^ATi, the error caused by Using the arithmetic-mean rather 

than the logarithmic -me an temperature difference is less 
than L percent . 

Consider the case In which part of the heat-transfer 
surface area is fin area; that is, part of the surface is 
indirectly heated. The heat that is transferred to the 
fluid from the directly heated part of the surface traverses 
only a short path in the metal and therefore experiences a 
relatively small thermal resistance in the metal; whereas 
the heat that is transferred from the surface of the fins 
traverses a relatively long path in the. metal and experiences 
a relatively large thermal resistance. The result is that 
the surfsce of the fins operates at a lower temperature than 
the direct surface. A fin is therefore less effective, per 
unit surface area, than direct surface for heat transfer • 
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A fin effectiveness f can be defined as the ratio 



AT f 

where ATf is the temperature difference between the fin and 
the fluid"" and AT d is the temperature difference between the 
unfinned part of the surface at the base of the fin and the 
fluid. For this case, equation (3) becomes 



h = hS d AT + hSf If f 

= h (S d + 3 f f) AT 

in which AT is based on the temperature of the direct 
surface . 



(12) 



• By using a relation developed in reference \± it can be 
shown that, for engine cylinders with circumferential fins, 
equation (12) becomes (see fig. 6) 



II = h 



+ t 



/" 2 



V 



. + - f + 



(13) 



w 



— * A 



1* 



3^ 



"Figure 6. - Definition of fin synbols. 
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For straight fins of rectangular cross section, the 
value of the fin effectiveness (reference 5) is 



tanh aw 

r = 

where 



aw ^ 



a fV • 1 

Equation ( lk) can also he used with negligible error for the 
rectangular or the tapered circumf erential fins on an air- 
cooled engine cylinder (reference 5)* 

A simpler expression for f is nhe approximate equa- 
tion (reference 6) 

f * 1.0? - CUf aw (15) 

The value of f from equation differs from the value 

from equation (li r ) bv not more than 1 percent for 
0.50 < f < 0.95. 



Applications 

Hea t transfer in the radiator. - Application of the 
material that has been presented can now he made in actual 
calculations of rate of heat transfer. Consider first the 
case of heat transfer from the wall of a circular tube to 
air flowing through the tube.;. Let the tube wall be kept at 
a constant temperature throughout its length. Although 
the case of constant tube-wall temperature may at first 
appear to be one not encountered in aircraft heat exchangers, 
actually it is the case of the aircraft coolant radiator. 
The water or the mixture of water and ethylene glycol used 
in radiators keeps the entire cooling; surface at essenti ally 

the s ane t er ip e r a t ur e , which is very nearly the average ' 

temperature of the coolant. 

It is desired to he able to calculate the rate of heat 
transfer from a tube of given dimensions when only the tube- 
wall temperature and the physical properties and the velocity 
of the air are known. As was pointed out previously, the 
rate of heat transfer from any surface is such that both the 
convect i on e qu a t ion 



H « hS AT 



(3) 



2k 

and the heat-balance equation 

H * W c p (T 0 - Ti) ik) 

are satisfied. It is convenient to combine equations (J) 
and (ij.) into a single expression for K that does not con- 
tain the unknown T 0 as follows: If H is eliminated be- 
tween equations (J) and (Ij.) and substitution is made for 
AT from equation (11), / 

Equation (l6) is easily transformed Into the exoression 

f -w^\ 

T 0 - Tj = (T w - Tt)U - e ' C P ) (17) 
If equation (17) is substituted in equation (ij.), 

H = W c ? (T w - f t )k - e W °P J (18) 

If a substitution for h is made from equation (8) and if 

S a rrDLn 
W m gApV 
A = f D2 n ■ 

and 

ATi * % - Ti 

are used, the heat -transfer equation for use in radiator 
calculations is obtained 

H = W c p ATi fl - e"°' 1R g J (19) 
= W cp ATi ri 

It is interesting to show graphically the relation be- 
tween v) t where 
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_ Tfcly T 0 - Ti o.2 L 

r « " "tT- ^ ij = 1 " e s (20) 

and Reynolds number and L/D. This relation is shown in 
figure 7. Figure 7 shows the manner in which the final 




C 20 Lo 60 80 100 120 lli.O 150 180 200 

L/D 

Figure 7. - Variation of v with tube length-diameter ratio 
and R e y n 0 1 d s numb e r . 

temperature of the air approaches the temperature of the 
wall as the value of L/D is increased. 

For small values of L/D, f] is comparatively small. 
For small values of h/l), therefore, the temperature of the 
air is increased not much beyond its initial value. The 
mean temperature difference between wall and air is greater 
therefore for small values than for large values of L/D. 
The expression for the mean temperature difference la easily 
obtained, a3 follows: The mean temperature difference AT 
is defined by equation (11) as 

(11) 



AT 4 - bT n 

■A. ______ _> 

AT * 
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For a constant wall temperature, the equation becomes 



m m 

AT * 9 ~ "J- 
Ari 

log e 



By a substitution fron equation (17) for the numerator and 
from equation (l6) for the denominator, 



AT 



hS 

- i *y C P 
Because n - 1 - e *% 



hS 



AT 



ATl logg y-™ 

Inasmuch as n • can be expressed as a funct ion of L/D and 
Reynolds nvimber alone, 

n = 1 - e-°« 1R "° ,C ' S 

the dimensionless mean temperature difference AT/AT^ can 
also be expressed as 

AT _ 1 - e~°- iil D ( 2i) 



■ O.IR-O.^ £ 

Equation (21) is plotted in figure 8, which shows small 
values "of L/D -to be advantageous on account of the larger • 
values of mean temperature difference. Heat exchangers, 
however, are designed to have not the lowest values of L/D. 
The use of short tubes and tubes of large diameter results 
in heat exchangers that have large frontal areas. 
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l/d 

Figure 8* - Variation of ZT/ATj with tube length-diameter 
ratio and Reynolds number • 

Problem 5 

WKat is the rate of heat transfer in a radiator composed 
of JLif.0 tubes that are IS Inches long and l/L inch in inside 
diameter? The tube-wall temperature Is kept essentially 
constant throughout the radiator at 200° F. The cooling air 
flov/s through thfi tubes and has a coefficient of viscosity 
[i of J,o x 10~ i slug per foot-second, a density p of 
0,0022 slug per cubic foot, a velocity V of lij.0 feet per 
second, and an initial temperature of 38 0 P„ 

Solution ? 

The Reynolds number of the flow is ■ 
PVD _ 0,0022 x lkp 



5.6 x 10" 1 x l±8 



* 17,300 

The length-diameter ratio of the tubes is 

$ = 15 x h 



= 60 
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From figure 7, the value of y\ is found to be 0.S8. The 
rate of flow is 

W = gApV 




.0 x 0.0022 x |4o 



a 1 .24-9 lb/sec 

The rate of heat transfer is then given by equation (12) as 
H = W c p AT i 7] 

3 lp%9 x 0.2I1 x (200 - 33) x 0.58 

= 33 • 6 3tu/se c 

Heat transfer from air-cooled engine cylinders . - The 
rate of heat transfer from an engine cylinder with circum- 
ferential fins to the cooling air can fee calculated by equa- 
tions (13) and (1±). The quantity AT is properly the 
logarithmic-mean temperature difference, although the 
arithmetic-mean difference can be used with small error . 
(See section entitled "Mean Temperature Difference AT . ,T ) 
In the calculation of the effect of changes in the fin 
dimensions on the rate of heat transfer or on the weight 
rate of flow required to cool a cylinder, equation (8) is 
sufficiently accurate for determining the coefficient h. 



HEAT TRANSFER - BETWEEN TWO FLUIDS 



•All the foregoing discussion of part I applies to the 
transfer of heat between a fluid and a surface. In heat 
exchangers, the heat transfer takes place between two fluids 
separated by a wall. The temperat\;re gradient between the 
two fluids at a representative point is shown in figure Q. 
The discussion of the simpler case of heat transfer between 
a fluid and a solid is pertinent because the heat exchanger 
is simply an extension of this case in which there are two 
combinations of fluid and surface. 



Basic Equations 

As in the case of heat transfer between wall and fluid, 
the rate of heat transfer in a heat exchanger is determined 
by an energy-balance equation and a convection equation. 
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H 

O 
f 



1-1- 



w -f- - 



AT 



* — Tube wall 



Figure 9. - Temperature gradient between the two fluids in 
a • heat exchanger . 

The energy-balance equation applies to each of the two fluids 
in the heat exchanger. For the cold fluid, 



H - v. c c p (T 0 - ) , 



For the hot fluid, 



K h Op (TjL - To)h 



The convection equation, which la similar to equation (3), 

is . 



T4 S3 



(22) 



The quantity ht is the over-all coefficient of heat 
transfer between the two fluids and is a function of too many 
quantities for a simple correlation equation, such as equa- 
tion (5) $ to exist. The value of h§ § however, can be • 
calculated by use of the following equation: 



hpSp 



(2J) 



In equation (23), h^ is the coefficient of heat transfer 
between one fluid and the surface Si in contact with it, 
and h2 is the coefficient for the other fluid and the 
surface Sp_ in contact with it. Each of these coefficients 
can be calculated by the equations given in preceding sec- 
tions. The values of 5]_ and S2 generally are different, 
because one may be based on the inside diameter of a tube 
and the other. 011 the outside diameter or one may be based on 
a finned surface and the other on an unfinned surface. 
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The quantity St is the surface area that is to be 
used in conjunction with the over -all coefficient' hfc. 
Actually, hfc and St always occur together and always as a 
product and, therefore, only the value of the product hfSjf 
generally is of interest. The value of ht is not measured 
directly. but is calculated from equation (23). Should it 
be necessary to know the value of lit, however, its valu^ 
can be obtained from the value of ht&t &3 assigning any 
convenient value to St. For example, St may be taken 
equal to Si or to S2« For circular tubes, St may be 
based on the logar ithmic-mean diameter of the tube. In a 
heat exchanger in which flat dividing plates are used, such 
as the Harrison Inter cooler, it is convenient to take the 
dividing-plate area as St. 

Equation (25) is a resistance equation, in which l/h]^ 
is the thermal resistance between one fluid and its metal 
surface, l/hpSg is the thermal resistance between the other 
fluid and its metal surface, and l/htSt is the total or 
over-all thermal resistance between the two fluids. Actually, 
the right-hand side of equation (25) should contain a third 
term t/k m St, which represents the thermal resistance of the 
metal wall between surfaces 1 arid 2. For metal walls, 
however, the magnitude of this term is so small in comparison 
with the other two terms that the term can be omitted from 
the equation. 



The present section is a discussion of the calculation 
of the mean temperature difference between the two fluids in 
a heat exchanger, that is, of the average value throughout 
the entire heat exchanger of the AT shown in figure Q„ 
In this discussion it is convenient to use nondimensional 
quantities. The three quantities to be considered here - 
drop in temperature of the hot fluid, rise in temperature of 
the cold fluid, and mean temperature difference between the 
two fluids - are made dinensionless by dividing by AT^, the 
difference in the inlet temperatures of the hot fluid and 
the cold fluid. Thus, 



Me 



an Temperature Difference 



ATh 
ATf 



Dr o p in temperature of hot fluid 
Difference in inlet temperatures 




Rise In temperature of cold fluid 
Difference in inlet temperatures 
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t - AT Mean temper at ure difference 

* ~~ ATi ~" Difference in inlet temperatures 

Equation (22) may then bo written 

H b h t 3 t £ ATi 
Equation (Li) may be written, for the hot fluid, as 

H » Wh 0p£ A3? j (25 ) 

and, for the cold fluid, as 

H s W c 6pTl ATi (26) 

The two fluids in a heat exchanger may flow parallel in 
the same direction (parallel flow), parallel in opposite 
directions ( counterf low ) , or at right angles to each other 
(crossflow). In parallel-flow and counterflow exchangers, 
the temperature difference between the two fluids varies 
along the length of the exchanger, as Shown in figure 10. 
For counterflow, the mean temperature difference between the 
two fluids in nond.imensional form is 

t = S r (27) 

log e — j 

For parallel flow, the mean temperature difference in nondi- 
mensional form is 



t = ± — JJ ^ (28) 

loge ! . g . t, 

For the parallel-flow heat exchanger, the sum of g and v ( 
cannot exceed unity. For given values of g and T)i £ is 
less for parallel flow than for either crossflow or 
counterf low . 

Example * 

as illustrations of the calculation of consider 
heat exchangers in which the hot air enters at jJOQ 0 F and 
leaves at 100° F and the cooling air enters at 10° F and 
leaves at 90° P, The inlet temperature difference is 

M?| = JOG - 10 
« 290° F 
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(a) Parallel flow 




( b ) Gounterf 1 ow . 

Figure 10. - Temperature gradients in parallel,- flow and 

counterflow heat exchangers. 

The drop in the temperature o.f the hot fluid is 

AT h = ?00 - 100 

» 200° P 



Then, 



ATh 

A rp , 

ft i x 



200 

290 



■ 0.69 
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cO 

A 



The rise in the temperature of the cold fluid is 



Then, 



AT C - 90 - 10 

a 80° F 



1 5fJ 



So 



290 
= 0,2 a 

Vor count erf low, by equation (27), 



log e J— J 



B 0.69 - 0.28 
0.7' 

7 .x 



- 041 
" 57§£ 

= 0J4.9 

Tor parallel flow, by equation (28), 



5 = (28) 

log e 



0.69 + °' 28 

1 1 

Se 1 - O.69 - 0.28 



0*97 



logp — - — 
se O.OJ 



s 0.28 



3h 

In a crossflow exchanger, the temperature difference 
between the fluids varies not only along the length of the 
exchanger but a la® across the width. Figure 11 (taken from 
figures 3 to 5 of reference 7) shows the distribution 
throughout a crossflow heat exchanger of the temperature of 
the hot fluid, the temperature of the cold fluid, and the 




< y-mmz] Hot fluid 

^ c jt 1 Cold fluid 

Figure 11. - Distribution in a crossflow heat exchanger of 
the temperature of the hot fluid, the temperature of the 
cold fluid, and the temperature difference between the two 
fluids. (From figs. 3 to 3 °^ reference 7«) 
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temperature difference between the two fluids for a repre- 
sentative set of conditions. The quantity- AT = i ATi is 
the mean value, throughout the exchanger, of the temperature 
difference between the two fluids. For the crossflow 
exchanger, there is no simple exact expression relating £, 
£, and r). The values of i for various values of 1 and 
T) have been calculated by ITusselt (reference 8) and are 



presented in table II. 
figure 12 with l/£ 



TABLE II. 



VALUES 



The data of table II are plotted in 
function of ^c c p c /^e c o e an( ^ 

FOR CROSSFLOW (FROM REFERENCE 8) 





o 


0.1 




0.2 
1 


1 


r 

0.J4 


0.5 




0.6 

.... . . . 


1 ' 
0.7 


r - 

0.8 


0.9 


1.0 


0 


1.000 


0.9U7 


0.893 


0.833 


1 — 

0.7131 


0.721 


0.057 jo. 586 


0.502 


0.388 


0 • 


.i 


•9^7 


.893 


.6140 


.766 


.729 


.670 


.605 


• 533 


.l.d;B 


.338 


0' 


.2 


.893 


.81+0 


,785 




.677 


.617 


•552 


J. 1.80 


.398 


.292 


0 


.3 


.83b 


.736 


• 73.U 


.682 


.625 


.565 


.502. 


.U30 


• 3^8 


•2l;7 


0 




.731 


.729 


.677 


.625 


• 569 


.513 


.4x4.9 


• 378 


.300 


.206 


0 


• 5 


.723. 


.670 


.617 


.5<3 : 3 


.513 


.1*56 


• 39U 


.326 


.251 


.167 


0 


.6 


.657 


.60^ 


.552 


.502 


.14*9 


.39U 


• 35h 


.271 


.201 


.128 


0 


• * 


.586 


• 533 


.I4.8O 




.373 


• ?26 


.271 


.213 


.151 


.039 


0 


.6 


.502 


.hha 


• 393 


.3U3 


.300 


.251 


.201 


.151 


.100 


.052 


0 


•9 


.388 


.333 


.292 


.21+7 


.206 


.167 


.128 


.089 


.052 


.022 


0 


1.0 


0 


0 

. . . 


0 


0 


0 


0 


0 


0 


0 


0 


0 



P roblem * 

WEat is the value of t for a crossflow heat exchanger 
for the values of g and rj used in the preceding example? 

Solution ; 

For £ = O.69 and r\ ~ 0.20, table II gives £ = Q*kkl* 
Figure 12 can also be used to find t . 3ecause 

W C c p c £ 



0.23 
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the abscissa is 2.i|.6. Therefore, 



r = 2.2b. 



and 




Figure 12. - Mean temperature difference In cross'flow - l/i 
as a function of V/ c c Pc AeCp e and g. (Data from 
reference 8. ) 

Tie values of the ratio of £ for crossflow to £ for 
counterflow for various values of § and n are shown in 
table III, which is taken from reference o. It is clear 
that, for given values of g and r\, I is greater for 
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TABLE III. - RATIO OP 



FOR CROSSFLOYJ TO { 



FOR COUTTTERFLOV.' (FROM REFERENCE 8) 



1 

o 

I 

I 
I 



0 



0.1 



1.000 

.996 
.995 

. QQO 

.987 
.984 
.930 

•975 
.961 
.926 



0.2 



1.000 

.994 
.088 

.983 
.975 
.967 
.955 

.91+2 

.919 
.867 



0.5 



1.000 

.992 

.985 

.975. 
.962 

.950 

.955 

.911 

.C?2 



0.4 



1.000 

.983 

.975 
.962 

• 91+8 

• 935 
.909 

.738 



0. 



O.b 



1.000 
'.98I+ 
.967 

.952 
• 935 

.010 

Rip 

.738 
.672 



1 . 000 

.973 
.933 
.935 
.909 
.873 
.835 
.7B0 
.698 
.581 



0.7 



1.000 

.973 
.942 
.908 

.375 
.832 
.7 ; 30 
.710 
.61).,. 
.1+90 



0.8 



1.000 
.961 

.919 
.872 
.824 

.765 
.698 

.6xU 
.500 

.360 



0.9 



1.000 
.937 




counterflow than for crossfiow. In other words, the surface 
area required with counterflow is less than that required 
with crossfiow. It is customary, however, to make airorait 
heat exchangers of the crossfiow type because it is much 
simpler to connect manifolding or ducts to the crossfiow type 
than to the counter 
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•flow type." (See also section entitled 



Tie assumptions upon which equations (27) and (28) and 
the data of tables II and III are based should be mentioned. 
These assumptions are (1) that the temperature of a fluid is 
a linear function of its heat load and (2) that h t is con- 
stant throughout the heat exchanger. The first assumption 
is almost always justified, (See equations (4) and (WW 
For turbulent flow, the second assumption is just if ieci. ^ .for 
laminar flow, however, the second assumption means that tne 
equations for £ given in this section are -strictly applicable 
only when $ (fig. 5) has a value low enough that hD/K is 
independent of '5 and therefore independent of L. 



PRESSURE LOSS 



The flow of the cooling air through heat exchangers is . 
accompanied by losses in total pressure. These total- 
pressure losses result principally from static-pressure losses 
that are caused by friction and by the increased momentum of 
the heated air. The loss in total pressure that is caused by 
the abrupt expansion at the exit from a heat exchanger is 
discussed in the section on ducts. 
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Friction Pressure Loss 

For both turbulent and laminar flow In straight passages, 
the drop in static pressure caused by friction is given °7 
the equation 

ft] .!■ bSf'-*-i*|^f I 2 ?' 

in which D is the hydraulic diameter of the passage. 

m he quantitv f in equation (20) is known as the fric- 
tion factor. The value of f is a function of the kind oj 
flow, the roughness of the surface, and the fluid properties 
and velocity. 

For turbulent flow through smooth tubes, f is shown as 
a function of Reynolds number In figure 13, which is taken 




.001' 



io 2 .2 t 7 PT k 7 ^ 2 • F 7 id5 2 k 7 10^ 2 | 7 io7 

Reynolds number, R 



Firure l 7 - . - Friction factor € as a function of Reynolas 
number'' R for laminar flow In circular tubes and turbulent 
flow in smooth tubes with cross sections of any shape. 
(From fig. 51 of reference 1.) 
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from figure 51 °f reference 1. The part of the curve that 
applies to turbulent flow is based on many experiments with 
tubes with cross sections of various shapes. For Reynolds 
numbers between 50C0 und 200,000, the curve of figure 1J is 
given by the following equation, also taken from reference 1: 

r*£#§ (30) 

For turbulent flow through smooth straight passages over a 
wide range of Reynolds numbers, the static-pressure drop due 
to friction can therefore he calculated by the equation 



Ap f == 0.092 pV* I R*" Ul ^ (3D 
Problem ; 

Calculate the friction pressure drop in a tube, I/I4. inch 
in diameter and 2 feet long, through which air is flowing at 
100 feet per second. The average fluid properties in the 
tube are those of standard sea-level conditions. 

So lution ; 

Worn appendix 3 and figure 67, the fluid properties are 
p = O.OO2378 siug/cu ft 
[X as 5.73 x 1Q-7 slug/ft/sec 
The Reynolds number is 

R 



p-0.2 



pVD 



3 0. 002^76 x 100. 
kQ x 3.73 x 10^ 

a 15,300 



By equation (31), 



1 



= 0.09?- x 0. 00237 Q x lo' ; - x 2 x 1^8 

( 15300)°* ? 

a lb/sq ft 



ko 



For laminar flow through smooth straight passages, the 
value of the friction factor f in equation (29) is 

f = 4- (32) 

For laminar flow, equation (29) therefore becomes 

kpf s? 2 Ox|iV -k* (35) 

The calculated values of C* for passages with cross sec- 
tions of various shapes are shbwn In figure lh r , which is 
taken from reference 9. These theoretical values of 
are well supported by experimental data (reference 1). 

For the flow of air across banks of circular tubes, the 
static-pressure drop is given by 

where L is the length of the tube bank in the direction of 
flow and L/iBp is the number of tubes on which a particle- of 
fluid can impinge as it flows through the bank, that is, the 
number of contractions and expansions. 

Experimental determinations of the values of f can be 
correlated by the equation 

Ci 

f * (35) 
R 0.13 



The value of C] L depends on the spacing and the arrangement 
of the tubes, that is, on the ratios m p /D and bjL/D and 
on whether the tubes are staggered or in line. The values 
of Gh as a function of spacing have been taken from the 
data of reference 2 and are given in figure 15 for the in- 
line tubes and in figure lb for the staggered tubes. The 
data of figures IS and l6 are applicable only when the tube 
bank is at least 10 rows deep; they are most nearly accurate 
for a Reynolds number of 8000' and, for moat purposes, are 
sufficiently accurate over a fairly wide range of Reynolds 
numbers . 

Proble m; 

Find the pressure drop across a bank of tubes 0.5 inch . 
'in diameter « "The tubes are in line with m n = 1.0 inch and 
m s 0.75 inch: the bank is 2 feet deep. Air flowing across 
the bank has the following average properties: 



hi 



H = ).;. x lO"? slug/ft-sec 
P = 0.002 clug/cu ft 
V = 50 ft/so c 
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Figure ll].. - Propor tionality constant Ca for laminar flow 
in ducts of various cross-sectional shapes* (Data from 
reference 9 • ) 
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Figure 1.5 . - Constant aa a function of tube spacing - 

flow of air across in-line tubes. (Data from reference 2.) 

Solution; 



The Rejnolds number is 



R = 



pVD 



_ 0.002 x "30 
2^ x L x lQ-7 

= 10, 100 

EL. 



_n 

D 



in. 



P 

D 



2.0 

1.5 



I^rom figure IS, 



CL * 0.13 



k3 



The friction factor then is 



f = 



C) 



_ 0.13 

3-33 

= 0.039 



By equation [3k-) $ 



\T<L 



Ap,o = 2f -~ pV 

= 2 x O.O39 x ~4tf x 12 x 0.002 x 2500 
- 12.5 lb/sq ft 
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Figure l6. - Constant as a function of tube spacing - 

flow of air across staggered tubes. (Data from reference 2.) 



Momentum- Increase Pressure Los! 



When heat la added to the cooling air that is flowing 
through a tubs of constant cross-sectional area, the density 
of the air is decreased and its velocity la increased. Be- 
cause of the increase in velocity, the momentum of the fluid, 
which is proportional to pV 2 , is increased. The increase 
in momentum is accompanied by a drop in static pressure, the 
magnitude of which is given by 

Ap m * ( V 2 - V x ) 

= P2 V 2 < v 2 - v l) 

= a (q 2 - q-,) • (36) 

(For the derivation of equation (56), see the derivation of 
equation (k6) in the following section entitled "Energy 
Balances ." j 



ENERGY" BALANCES 



In the present section, the energy equations that govern 
fluid flow are given. In a subsequent section, these rela- 
tions will be used in the calculation of the power cost of 
operation of heat exchangers. 

The following discussion applies to steady-flow conditions 
through some such general arrangement as that shown in figure 17, 




Figure 17 . - Schematic representation of heat exchanger in duct. 



h5 



which represents a heat exchanger installed in a duct. At 
station 6, free-stream conditions exist. Station 1 is 
taken just within the heat-exchanger entrance and station 2, 
just within the heat -exchanger exit. Station 3 is at the 
exit of the duct. 



. Consideration can be restricted to the total energy of 
1 pound weight of fluid. A useful energy-balance equation 
can be developed for unit weight of fluid in terras of its 
properties at stations 1 and 2. 

• The total energy of unit weight of fluid at any station 
is its internal or intrinsic energy p?lus its kinetic energy. 
The total energy of unit weight at station 2 equals its 
total energy at station 1 plus the external work done on it 
plus the heat energy given to it; therefore, 



(Equation (37) is exact for a uniform velocity distribution, 
that is, for V constant across the tube cross section. 
For the velocity distribution of turbulent flow in circular 
tubes, the kinetic energy is about 5 percent to 10 percent 
greater than V w /2g, where V is the average velocity at 
the cross section. Por the velocity distribution of lami- 
nar flow in circular tubes, the kinetic energy is twice 
v2/2g.) If there is no pump, fan, or turbine between 
stations 1 and 2, W e is composed of two parts: The work 
done on unit weight as it is pushed past station 1 by the 
fluid behind it and the work done by unit weight in passing 
station 2 on the fluid ahead of it; that is, 



Total Energy Balance 




= JUl + o 




+ J m + W 



(3?) 



Pi Pp 



(38) 



SP 1 SP2 



Therefore, 



MS 



The difference in internal energy at the two stations 
is defined by bhe equation 

Equation (.39) can therefore be written as 

Vp 2 V-, 2 tT 

The general gas lav/ 



and the relation 



gP 



R ft J (c p - c v ) 

can be used in equation (I4.O) to obtain the equation 

t r c 12 + Z2 : = y £1 + Yil + tt j h fkl . 
r -~ p 2 2 y -~ pT + 2 + 6 J W 

Equation (i r i) is the equation for total energy balance 
and is one form of expression of Bernoulli's well-known 
theorem of the conservation of energy. Equation (lj.1) - is 
applicable in all casts of fluid flow except those in which 
the velocity distribution is not constant over a cross sec- 
tion, there is a pump or a turbine in the system, and the 
general gas law does rot hold. It is applicable, for example 
when gradual or abrupt changes in cross-sectional area occur 
between stations 1 and 2. * 

For air, equation (i+l) simplifies to 

7 £g * v 2 2 = 7 j£ * ^i 2 * (5 x ioh) § • (1,2) 



Mechanical Energy Balance 



A useful erierg7/-balance equation can also be written in 
terms of the mechanical energies involved. The mechanical 
energy lost per unit weight of fluid by friction - that is, 



the mechanical energy which is converted into heat - is 
called F. The total mechanical work W m done by the 
fluid on itself and Its surroundings is then given by 



Alao^ the familiar equation of therm0dyna2.il cs relating 
internal energy, heat received, and mechanical work done is 



dw m = j dl) * j era 



Therefore , 

J W * I d(| - J d(§) = df 

Equation (59) can be differentiated to give 



_ m p . JR\ _ -dp V dV 

dIJ ♦ | ^ - J d^fj - - — 

Prom the last two equations, therefore, 

& + 1M * dF = o tol 
gp g w ^ 

Equation (i0) Is the mechanical-energy-balance form of 
Bernoulli ■ s theorem . 

Under most circumstances, the exact integration of 
equation (h r y) is not possible. Consider, for example, the 
equation 



f 



The quantity p generally is an unknown function of p and 
the first term in equation cannot be evaluated. The 

integration can be carried out for some special cases. For 
incompressible fluids, for example, p is constant. Also, 
for the isothermal flow of compressible fluids, p . is propor- 
tional to p. 

In the general case of compressible fluids, an approxi- 
mate solution is 

Po - Pi Vo 2 - Vi 2 



For passages of constant cross-sectional area, 

pV = Constant 

and equation ( l&) can be multiplied through by gp and 
integrated feo give 

p 2 - n 1 + PV (V 2 - V^j + Ap f b Q (1..6) 

Equation (L6) can be written 

The equation is exact but, in general, Apf> cannot be calcu- 
lated exactly because the variation of v with L in the 
following equation is not known: 

Lp f = f L fV dL 

1 1 D Jb 

An approximate integration la 



D 

— ■ Vi + V? 

The value of V inay be taken as ~~ — # 



Adiabatic-Flow Equations 

Equation [b.C) can be applied to the flow between sta- . 
tions 0 and 1 of figure 17. This flow is adiabatic. that is, 

E a 0 

Equation (IjO) then becomes 



y 0 " - * 



?1 = T 0 + -4— -~ (48) 



This relation is used to calculate the temperature at sta- 
tion 1. Per air, 



11 " J '° 13E 



♦ (V 0 2 - V^) Uft) 



If losses in total pressure that may occur between 
stations 0 and 1 are neglected, the adiabatic relation 

= Constant 

P Y 

holds, and It can be shown that the pressure and the density 
at station 1 are given by 




(50) 



Expressions for Total Pressure 

The total pressure in a stream is defined as the static 
pressure that would exist if the stream were brought to rest, 
that is, the static pressure at a stagnation point. It can 
be shown (reference 10) that, in a compressible fluid, the 
total pressure is givon by 



(5D 



(52) 



where the velocity of sound c = 




POWER COST 



H ~ p 1 * 



Y___l pvAr- 



For air, equation (51) hecones 



H = p { 1 + o.; 



P v 2 \?-5 



YP 



+ o.< 



/VN215-5 

\ c/ J 



An approximate calculation of the power cost of a heat 
exchanger can be made by rather simple approximation formulas. 
The net power cost can be considered the sum of the power 
used in forcing the cooling air through the exchanger and the 
power used in transporting the weight of the exchanger minus 
the thrust power that Is recovered from the heated cooling 
air. Simple approximation formulas can be used to calculate 
the cooling-air pumping power and the thrust power. 
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An exact determination of the power cost of a heat 
exchanger can be made by adding the cost of transporting the 
weight of the exchanger and the power expended in changing 
the momentum of the cooling air; the power expended in 
changing the momentum of the cooling air is 

f = | Vq (v 0 - v 3 ) (53) 

A rather complicated but exact method of finding V* is 
explained later. 3 

The form drag of a heat- exchanger installation is not 
considered in the present discussion. 

As in the preceding section, the formulas that are given 
herein for calculation of power cost are stated in terms of 
the conditions that exist at the stations 0 to 5 of figure 17 . 



approximate Calculation of Power Cost 



Cooling-air pumping po\;er » - The power expended in 
pumping the cooling air between stations 1 and 2 is 

lc s\pi PzJ 



(5k) 



Although this expression is exact, it is a little too 
unwlelcly for general use. It is more convenient to use 
the approximate expression 



Pf * Q (pi - p 2 ) 



(55) 



where Q is the average volume rate of flow. The value of 
Q, can be calculated from the average density or the average 
velocity 



W eight -carryi ng power . - The power expenditure required 
to- transport the v r eight of a heat exchanger is 

% = . € ^Pr vV o (56) 
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The product p R v is the freight of the exchanger. The 

quantity t is a factor that takes account of the weight of 

the mounting required by the exchanger. Experience has 

shown that € generally has the approximate value 1.5. 

Scoop-drag pow er. - For some installations, as when an 
exchanger is wholly or- partly installed in an external scoop 
or duct, it may be desirable to take into account the drag 
that is associated with the frontal area of the scoop. The 
drag power of a scoop i3 given by 



If the scoop is well designed (see section entitled "The 
Cooling-Air entrance" ) , the drag coefficient Gfc a based on 
the projected frontal area has a value of about 0.0-6. (bee 
fig. hi and reference 11.) 

Conversion of heat energy into thrust power . - A part 
of the heat energy that is transferred to the air between 
stations 1 and 2 (fig. 17 ) can be converted into thruat 
power. Formulas for the approximate calculation of the 
recovered thrust power are given in the present section. 

One of the thermodynamic processes by which heat energy 
is transformed into mechanical energy is known a3 the Joule' 
cycle. In traversing this cycle, the working substance 
goes through the following stages: adiabatic compression; 
addition of heat at constant pressure; adiabatic isentropic 
expansion; return, at constant pressure, to initial conditions. 
The cycle is represented by the path ABC DA in figure 13. A 
somewhat similar cycle is traversed by the cooling air that 
flows through the arrangement depicted in figure 17. There 
is an adiabatic compression of the air between stations 0 
and 1. Heat is transferred to the air between stations 1 
and 2. The air expands adiabatically between stations 2 
and 3. After passing station 3, the air returns to original 
free-stream conditions of temperature and density. 

The rate W at which mechanical energy is recoverable 
from the heat input In the ideal cycle ABC Da is 



CD 3 q 0 Y 0 A s 
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B, 
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\ 



Figure l9. - Diagram of 



v 

a/minst 



v for Joule cycle. 



Three assumptions that were used in the derivation of 
equation (57), which are not exactly true in practice, cause 
the rate of recoverable mechanical energy in the actual 
cycle to be less than in the ideal cycle. One of these 
assumptions is that K is given by equation (I}.). Actually, 
equation (L.0) should be used. Another assumption is that 
the heat is transferred to the air at constant pressure. 
Actually, there is a fall in pressure between stations 1 and 
2 and the actual path traversed during the cycle is somewhat 
as shown by A3C ! DA in figure lS. A more nearly accurate 
value of W can be obtained by using in equation (57) the 
average of p] and pg. instead of p-^ 0 The third assump- 
tion is that the expansion between ■ stat ions 2 and 3 ifl 
isentropic. In the actual case, this expansion entails a 
loss in total pressure « 
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In order to obtain an expression for the thrust power 
that is obtained fPom the heat input, the quantity W 
(equation ( 57 ) ) must be multiplied by the efficiency of con- 
version of mechanical onergv into thrust energy. This effi- 

v 0 + 2V 0 

ciency is — «s — * if V* is less than Vn and ~ 

2Vq 2 u Vq + Vj 

if is greater than Vq. 

According to equation (57), the efficiency of the Joule 
cycle W/JH depends on AT, the rise in air temperature be- 
tween the free stream and the heat-exchanger entrance, 
because 



T l ~ T 0 + iT 

By equation (1+9), AT is proportional to the difference of 
the squares of the free-stream velocity and the velocity in 
the heat-exchanger entrance and 

AT h (v ° 2 ■ Vl2) 

The efficiency of the cycle accordingly is quite small unless 
Vq is large (of the order of 600 fps or more) and Vq is 
much smaller. At low altitudes where Vq is small, there- 
fore^ the mechanical power obtained by conversion of the 
heat input is quite small. 

It might be expected that the efficiency of the cycle 
is highest at highest altitudes where Vq is largest (if 
it is assumed that the critical altitude is not exceeded). 
That this fact is not necessarily true can be shown as 
follows: Consider the isothermal region of the atmosphere 
in which Tq is constant. At first, as the altitude of 
flight is increased, Vq, the quantity Vq 2 - Vq 2 , and the 
efficiency W/JH increase. As the" altitude increases 
further, however, the heat exchanger may become unable to 
perform the necessary heat transfer unless Vq increases 
rapidly. In that ease-, although Vq increases, Vq 2 - Vq 2 
and the efficiency decrease. These effects are Shown in 
figure 19, which is taken from figure 20 of reference 12. 



Exact Calculation of Power Cost 

If the velocity of the cooling air at the exit from 
the duct V* is known, the net cost of cooling (exclusive 
of the weignt-carrying power) can be calculated by the 
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Figure 19 , - Thrust horsepower recovered from cooling air in 
percent of engine brake horsepower as a function of alti- 
tude for the airplane considered in reference 12, (Prom 
fig. 20 of reference 12.) 

equation 



P zr 



vv 



0 



f M 



o - 



V2 ) 



(55) 



Two methods of finding V* are given here. The first 
consists of station-to-station calculations. The second 
can be used when the loss in total pressure across the entire 
system, that is, between stations 0* and 3, is known. 

By the first method, the value of is obtained by 

first calculating the conditions at station 1 from those at 
station 0, then the conditions at station 2 from those at 
station 1, and finally the conditions at station 3 from those 
at station 2. The equations that are needed in the calcula- 
tions have already been given in the section entitled "Energy 
Balances.** The method of calculation is illustrated by the 
following example (see also reference 1J ) , which is simpli- 
fied by assuming values for certain quantities. 

Assume that the heat exchanger (fig. 17 ) has an onen 
frontal area h% of 1 0 3 square feet, that it dissipates heat 
at the rate H of 555 BtU per second, that it requires a 
weight rate of flow f of lb r .3k pounds per second, and that 
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the friction pressure drop Ap f in the exchanger is 36 
pounds per square foot. Assume that the airplane is flying 
at 60() feet per second at an altitude of 2^,000 feet in 
N&CA standard, atmosphere 0 

Cond itions at s tatio n 1« « The value of can be 

found by a simultaneous solution of equations (£9), (^O), 
and the equation 



W 6= gApV 

The values of T^, p^, and pj are obtained from equations 
(Ii9) and (50), The values are given in table IV. 



TAB 


LE IV. 


- VALUES OP QU 


AIITITIES USE 


D IN EXAMPL 




Station 


V 

(fps) 


P 

(slug/cu ft) 


D 

( Ib/sq . ft ) 


T 

(°P abs. ) 


A 

(sq ft) 


0 
1 
2 
3 


600 
200 
2S3 

596 


0.001065 
.001238 
.000960 
.000860 


78S 
966 
916 
735 


%Z$ 

1155 
556 
532 


l~8~ 
1.8 
.37 



Con ditions at s tatio n 2 . - The values of the variables 
at sta-cioxi "2T"can be obtained by a simultaneous solution of 
equations (lj.2) and (Jjj6) and the equation of continuity 

Pl^l = P2 V 2 A 2 ' (58) 

in which A| = Ag« The solution of these equations gives, 
for the conditions at station 2, the values shown in 
table IV. 

Co nditions at station 5 » ~ The static pressure at sta- 
tion J is very nearly the static pressure that exists outside 
the duct in the region of station 3. If flaps are not used 
at the exit, the pressure there is practically free-stream 
pressure. If pg is substituted for pz, the exit velocity, 
temperature, and density can be calculated from the equations 
for adiabatic changes (equations and (50)) 

T 5 s T + (V2 2 m y 2) ([| _ 9) 

10 4 ^ 

and 
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The values are as given in table IV. As was pointed out in 
reference 15, slide -rule calculations are not sufficiently 
accurate for a satisfactory determination of V* from the 
two preceding equations. 

As soon as trie value of V* is known, the net power 
cost of the heat exchanger (exclusive of the weight-carrying 
power) is easily obtained from 

P = ? V 0 (V 0 - V3) (53) 

o 

s ASk x 600 x (600 - 596) 

£ 1070 ft-ib/sec 

Simpl ified calcula tion of p ower cost. - A single equa- 
tion can be developed that will give the power cost of the 
heat exchanger, provided that the loss in total pressure 
between stations 0 and J is known. Equation (111), the 
energy-balance equation, can be applied between stations 0 
and 3 to give 

v g? y p * v o 2 v p o h 

-r + rfi p? = 4- * 7^ ^ + * I (5?) 

The ratio can b° eliminated as follows: The total 

pressure at station 3 is equal to the stagnation pressure 
that would exist if the fluid were brought to rest and is 
given by equation (51) a s 

2\_JL 



I 5 -p 3 (1 + ^1 £2^vT (5D 



1 + --^-1 

\ ^ n J 



Then, 




By substituting this expression for p%/Pm in equation (59) 
and simplifying, an expression for Vx is obtained in the 
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form 




Y-l 



Y 



1 



(60) 



The equation is easily modified to read 





11 



1 



(61) 



For there can be used Ic^Pq , where 




If flaps are not used at the exit, the pressure coefficient 
kp ftdka a value very close to unity. If the loss in total 
pressure 6H is known, Hz can be found as 



The inf ormat ion necessary for calculating rate of heat 
transfer, pressure drop, and power cost for various designs 
has been presented, A number of questions arisi2ig from 
application of this information to the design of heat 
exchangers remain to be discussed. 



The pressure drop available for a heat exchanger is 
frequently nono too large, especially at high altitudes. 
The nressure drop required by a heat exchanger can be reduced, 
for a given rate of heat transfer, by increasing the amount 
of surface area S and decreasing the velocity V and the 
heat-transfer coefficient h. Pressure drop is proportional 



H3 = Hq - AH 
and equation (Si; can be used with equation (53) 



P = I v 0 < v 0 - Vaj 



(53) 



to find the power cost. 



APPLICATIONS TO DESIGN 



Size of Passages 
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to v 1 ^. The quantity F la proportional to SV°*® f jf f 
therefore, V is reduced and S is increased sufficiently 
for the product SVO-8 to remain constant, a relatively 
large reduction in vl«S and in pressure drop follows. 
Furthermore, the installation space aval]. able on airplanes 
for heat exchangers is Usually rather limited and difficulty 
in fitting a heat exchanger into the available space is 
frequently experienced. A good design of heat exchanger 
'consequently is one in which much heat-transfer surface area 
is crowded into a small volume. Fluid passages should he 
made as small as possible, provided that the requirements of 
mechanical strength can be met and flow in the turbulent or 
the transition region can be obtained. 



Tube Spacing and Arrangement 

A good method of comparing various designs is by means 
of plots of heat-transfer coefficient against pumping power 
cost per unit heat- transf er surface area. (See reference 1I4..) 
Figures ?J) and ?0 of reference 1I4., which are based on the 
tests reported in reference 15, are reproduced herein with 
some slight modif ^cat ions as figures 20 to 23. In figures 20 
to 23, heat-transfer coefficient h is shown as a function 
of pumping power cost per unit surface area times the square 
of the density F C P^/S for flow across staggered and in-line 
tube banks 6 These figures show clearly that the smallest 
practicable tube spacing both in the direction parallel to 
the air flow and in the direction perpendicular to the air 
flow results in the smallest power cost for a given value of 
heat-transfer coefficient. This result is true for both 
the staggered and the in-line tubes. Figures 20 to 23 also 
show that, for given values of the spacing factors and for a 
given value of heat-transfer coefficient, the in-line 
arrangement results in slightly lower values of power cost 
than the staggered arrangement. 



Comparison of Flow % across Tubes with Plow through Tubes 

A comparison of the plots of heat-transfer coefficient 
against power cost per unit surface area (figs. 20 to 23) for 
flow across banks of circular tubes (solid lines) and for 
flow inside smooth tubes (broken lines) shows that flow 
across tubes is more economical than flow through tubes; 
that is, for a given value of heat-transfer coefficient, the 
pumping power is less for flow across tube banks than for 
flov; through tubes, except at extremely high values of 
Reynolds number. In the plots for flow through tubes, two 
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Figure 20. - Efficiency of heat transfer - heat-transfer 
coefficient h as a function of spacing factor m n /D and 
of pumping power per unit surface area times the square of 
the density. Plow of air across staggered tubes and flow 
through tubes. (Prom fig. JO of reference lh r . ) 

values of the parameter D/V are used. The value of D/V 
of 58,000 corresponds to a tube diameter of 0 C 26 inch for 
the standard sea-level coefficient of viscosity [i of 
3.73 x 10- 1 slug per foot per second. The value of D/n 
of 1|.0,000 corresponds, for the same value of fx, to a tube 
diameter of 0.18 inch. 



Choice of Fluid-Surface Combination 

If the two surfaces of a -heat exchanger differ in 
arrangement or amount (as, for example, wnen one fluid flows 
through the tubes and the other flows across the tubes or 
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Figure 21. - Efficiency of heat transfer - heat-transfer 
coefficient h as a function of spacing factor m p /D and 
of pumping power per unit surface area times the square of 
the density* Plow of air across staggered tubes and flow 
through tubes. ("Prom fig. 29 of reference li|_. ) 

when only one surface is finned), the question of which fluid 
should flew across which surface arises. For given values 



op 



of Si and 
which is given by 



the over-all thermal resistance l/hfc 



St, 



1 



hi 



Si 



h 2 S 2 



(23) 



is a minimum when the thermal resistances on both sides are 
equal. From considerations of economical heat transfer, 
therefore, the question of which fluid should go with which 
surface is answered by so making tne choice that h^S^ is 
more nearly equal to h 2 S2* 
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Figure 22. - Efficiency of heat transfer - heat-transfer 
coefficient h as a function of spacing factor mn/D and 
of pumping power per unit surface area times the square of 
the density. Plow of air across in-line tubes and flow 
through tubes. (Prom fig. 30 of reference llj.. ) 

Prom mechanical considerations, the tube-wall thickness 
can be smaller and the shell can be lighter, and the weight 
of the exchanger consequently can be less, if the high- ' 
pressure fluid is inside and *he low-pressure fluid is outside 
the tubes. 



Comparison of Counterfiow with Crossflow 

As has been pointed out for the sane conditions of 
weight rate of flow, the over-all mean temperature differ- 
ence I is greater for counterfiow than for crossflow. The 
counterfiow intercooler has often been considered for use in 
airplanes. In the following discussion, however, it is 
shown that the counterfiow arrangement is not so advantageous 
as is frequently believed. 



62 



100 
xirr? 



50 



20 



h 10 




m p /D=3.00- 



\ / 

! = 10,000 



\ / 

^-60,000 



l- 
i 



_LLL 



1 . i i 



_J L 



5 



10 



20 



;0 



100 200 



500 1000 



P e P 2 /S 



xlO 



r5 



Figure 0 - Efficiency 
coefficient h as a 



of heat transfer - heat -transfer 



function of spacing factor 



mp/D and 



of pumping power per unit surface area tines the square 01 
the density • Flow of air across in-line tubes and flow 
through tubes. (From fig* 29 of reference lit.) 



Table III shows the values of the ratio of £ for cross- 
flow to t for counterflow for various values of the hot- 
fluid temperature drop £ and the cold-fluid temperature 
rise r\* The value of the ratio is quite low for high values 
of £ and r\ . Consider, however, the case of high-altitude 
inter coolers « At high altitudes where much supercharging is 
necessary, £ is large. On the other hand, for the efficient 
operation of high-altitude intercoolers , the ratio W c /\Y e 
must be relatively large in order for | to be large and t^j, 
as given by the equation 
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must therefore be snail. Inspection of table III shows 
that, for large g and small r\, the value of £ for 
ccunterflow is only a small percentage greater than the 
value of t for crossflow. It wotild be a mistake to design 
a counterflow intercooler for large £ and large r\ in 
order to take advantage of the large difference that would 
then e:r.ist between the counterflow^ t and the crossflow £'„ 
For large g and large *) t the value of £ for both 
counterflow and crossflow is much smaller than its value for 
large £ r>n& small r\ and more, surface area would be re- 
quired for the small g for a given rate of heat dissipa- 
tion E, These facts are illustrated by figure 2h, } which 
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Figure 2Ll. - Comparison of mean .temperature difference in 
counterflow and crossflow. £ as a function of n: 
§ = 0,7. 

is drawn for a value of g of 0.7, which is necessary at an 
altitude of about 35,000 feet. Figure 2l r shows that, at 
large values of r\, counterflow rives a large percentage 
increase over crossflow in the over-all temperature differ- 
ence t . For snail values of r) 9 however, the percentage 
increase is small. 
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Another factor to be considered is that the manifolding 
necessary with a counterflow unit (see fig. 25) must contain 
much heat-transfer surface area and that the flow across this 
surface area is very nearly cross flow. 




Figure 2}. - Count erf low heat exchanger and ducting, showing 

cross flow in ducting. 



Mechanical Considerations 

One of the most important problems connected with the 
development of heat-transfer apparatus is the economical 
production of exchangers that are free from the tendency 
toward structural and leakage failures. Vibration usually 
imposes a severe strain on heat exchangers. The differences 
in the efficiency of heat transfer for different designs is 
small, and these differences are negligible if there are 
important differences in mechanical reliability. There have 
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been innumerable attempts f nevertheless, to obtain large 
increases iti efficiency by the use of new tube shapes and 
novel assembly arrangements. Unless these nev; shapes and 
arrangements result in smaller tube diameters, more substan- 
tial construction, or more economical manufacture, they can 
have little advantage over the shapes and arrangements in 
current use • 

It would be desirable in many instances to use rather 
long tubes. Long tubes, because of vibration, must be 
supported. The use of long tubes introduces a manufacturing 
hardship, however, that tends to keep heat-exchanger tubes 
short. Vibration difficulties are more serious when the 
tubes are filled with liquid than when the liquid is outside 
the tubes and the cooling air inside. 

For coolant radiators, hexagonal tubes would be desirable 
on the basis of ratio of open to total frontal area but are 
probably unsuitable because of tendency to failure under 
vibration. 

Oil coolers of the proper shape (rectangular) to fit 
the available space on an airplane would be desirable from 
installation considerations. Such coolers, however, would 
have to be excessively heavy to avoid failure under high oil 
pressure. Oil coolers therefore are usually of circular 
cross section. 

In spite of the well-recognized advantages of small 
tube diameter, tubes smaller than G.25 inch are rarely used 
because of the problem of assembly and because of the problem 
of reducing the tube-wall thickness in proportion to the 
reduction in diameter. 



Oil Coolers 

The design of oil coolers is at present well standardized 
with respect to dimensions, Circular coolers are oroduced 
in a number of diameters. Tube length, diameter, and spacing 
are limited to a few values. The cooling air flows through 
the tubes and the oil flows across the tubes. Baffles are 
used in the oil passages. The different baffles U3ed by 
different manufacturers result in somewhat different heat- 
transfer performances, particularly at low cooling-air inlet 
temperatures for which the influence of baffle arrangement 
on the tendency of the oil to congeal is particularly strong. 
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At present, the principal problem connected with oil 
coolers is the problem of congealing* Oil is so highly 
viscous, compared with the fluids used in radiators and 
intercoolers , that the oil flow is probably always laminar, 
whereas the flov of glycol and air is almost always turbulent. 
When the inlet temperature of the cooling air is low. the 
laminae of oil next to the cooling surface become cooled to 
such an extent that their coefficient of viscosity rises to 
a much higher value than that of laminae farther from the 
surface. The velocity of the cold oil is reduced, and the 
cold oil remains longer in contact with the tube surface and 
probably assumes a temperature close to that of the tube walls 
The result is that the passageways eventually become clogged 
with cold or congealed oil and the cooler ceases to function. 
The design of oil coolers that are not subject to the tendency 
of the oil to congeal at high altitudes (low cooling-air 
temperatures) is a problem that has not yet been solved. 

Because the flov; of oil in coolers is laminar and because 

of the various effects of the baffle arrangements used by 

different manufactured, little progress has been made in 
correlating the heat transfer on the oil side. 
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Part I has dealt principally with the internal design 
of heat exchangers and the effect of internal design on rate 
of heat transfer! pressure drop, and power coot. The next 
problem that confronts a heat-transfer engineer is the ques- 
tion of selection; that is. after the internal geometry of 
a heat exchanger has been chosen, what external dimensions 
and what cooling-air flow rate should be selected? These 
quantities should be so selected 

(1) that the heat exchanger will be capable of the re- 

quired rate of heat dissipation 

(2) that the coding-air pressure drop necessary to 

effect the required heat dissipation vrtll not 
exceed the amount available 

(5) that none of the dimensions will exceed the limits 
sot by the installation space available on the 
airplane 

■0 

(ij.) that the power consumption of the heat exchanger will 
ftot be excessively greater than the lowest power 
consumption attainable by use of dimensions'" of the 
pr o p e r proport i on s 

(5) that the allowable engine-air pressure drop (if the 
exchanger is an intercooler ) is not exceeded 

It is generally possible to calculate , from the equa- 
tions of part I, the solution to the problem of selection. 
The calculations are unusually tedious, however, particular Iv 
in view of the fact that a number of trials is always nones-* 
sary to find a heat exchanger that satisfies all the require- 
ments. A very much more satisfactory method of selection 
is by a chart. Two general types of chart have been devised 
that might be termed performance charts and selection charts. 
The present section is a consideration of such charts and 
their use in selecting coolant radiators, air interccolers , 
and oil coolers. 



SELECTION OF RADIATORS 



Uopt coolant radiators are so constructed that the 
cooling air flows through smooth tubes and the coolant flows 
across and around the tubes. The equations that describe 
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the performance of such radiators have already been discussed 
and are restated hereinafter (equations (62), (19) , and (31)). 
The problem of selection of radiators consists in finding 
values for the five variables Pt, Ap, v, and L that 
satisfy these three equations and the requirements just listed. 
This problem .may be solved conveniently by use of a generalized 
selection chart that shows the relations among the variables 
for any given set of operating conditions. Such a selection 
chart is presented in reference 1.6 0 A resume" of the deriva- 
tion of the chart and an example of its use are given in the 
foil o w ing para $gv a ph s , 



The power cost of a radiator is 

p t = Q Ap + € p R v 0 v 
^ r. 



(62) 



(See equations (55) (56).) The rate of heat dissipation 



is 



H a W c p AT 



if- 



,-O.lR" 0 - 2 if 



) 



The pressure drop is 



Ap = 0.092 pV 2 k R -0 - 2 



(19) 



(3D 



Fron equations (62), (19), and (3D and the equation 

T - Z 
A 

where v is the open volume of the heat exchanger and A is 
the open frontal area of the heat exchanger, the following 
relations can be derived: 



Ap 



/P' , |7 . / , Aid 

[yr - i) i ^se [i - jrf 



= 0 



(6?) 



"(It) 1 



lo 



3e ^Ji = o 

1 - r 



(64) 



AO' 



v 1 



I -log. 



A ' 



/A' Ap 



I 

> =0 (65) 
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The variables used In equations (63) to (65) are defined 

by the relations 

5 



where 



Ad' - Ap 



P< = P t 



2 

2 

pv 0 2 

I 

G 
0 



a 2 0 

4r« = A 



Q » s Q -LL 4 0 



^ c l v 0 



G = £ cf PR V C 

.Lj 

c ;l » 0.023 

ir = lk2lf V 0 5 

x ^l G ciu^ 

V 0 Z H 

These primed variable? , as related by equations (65) to 
(65), were plotted to obtain a selection chart (fig, 26, 
which is taken from fig. 1 of reference 16). This chart 
gives the general solutions of these equations. Each point 
on the chart represents a radiator. Because of the general- 
ized form of the variables, the chart can be used for any set 
of operating conditions. All the quantities tjfeat are func- 
tions of the operating conditions, such as the character- 
istics and the performance of the airplane, the altitude of 
operation, the rate of heat dissipation, and the tube diameter, 
are taken care of in the constants in the definitions of the 
primed variables . 



V 2 0 




Figure 26. - Generalized radiator selection chart. (Prom fig. 1 01 reference 
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The use of the chart is not difficult. One of the 
variables may he chosen in advance, (If two variables are 
chosen, the radiator is completely determined and all 
variables are fixed.) Either the pressure drop or the 
frontal area is usually selected in advance. For example, 
suppose the pressure drop Ap is chosen, Accordingly, 
Ap f is a known fixed quantity. The point on the chart 
that represents the radiator having the given pressure drop 
may be chosen anywhere on the vertical line that has the 
proper value of &jp . It is easy to lobafca the point on 
this line that represents the radiator of minimum power 
consumption or the point that represents the radiator of 
minimum frontal area. Correspondingly, a value may first 
be chosen for the frontal area A. Then any point on the 
corresponding A 1 contour may be selected. The radiator of 
minimum power may be found, or some other radiator that 
represents a better compromise among radiator volume, pres- 
sure drop, and volume rate of air flow may be chosen. 

Before the use of the chart in selecting a radiator is 
illustrated, a remark on altitude is in order. The altitude 
for which the radiator should be chosen is one of the factors 
to be considered. As the altitude of flight increases, the 
decreasing density of the air tends to make cooling more 
difficult; and the decreasing temperature of the air, tip to 
the isothermal region, tends to make cooling less difficult. 
The most difficult cooling case ordinarilj 7 - is at the critical 
olbitu.de „ In order to obtain maximum airplane speed, the 
radiator must be selected for the high-speed flight condition 
at the critical altitude. If the radiator is so chosen, 
however, the case of full-power climb at the critical alti- 
tude should be investigated to make sure that the pressure 
drou required by the radiator is not greater than the pres- 
sure drop available in climb. 

In order to simplify and to systematise the calculations 
involved in selecting a radiator, selection forms have been 
devised for use in- con junct ion with the selection chart. 
The following example shows in detail how the forms and the 
chart are used f The procedure falls naturally into several 
steps, as follows: 

(]) Pill in radiator selection form 1. 

In filling in this form for the example, a typical set 
of operating conditions has been used. 
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Radiator Selection Form 1 



Quanta ty 


Symbol 


Valve 


Unit 


Heat dissipation 


H 




B'cu/ sec 


Altitude 




36,000 


ft 


Airplane speed 


\) 




ft/sec 


Airplane drag-lift ratio 








Weight factor 




/.r j 




Specific weight of radiator 


H 


?0 


lb/ou ft of 
open volume 


Rrdicito:' tubs di meter 


D 


f/4-e 


ft 


Temperature of air at altitude 




op 


Estimated adi&eatic temperature rise 




34. ^ 


°F 


Inlet tempera j vi.ro of air 


— - ... 




Of 


Density of air at altitude 


n ^ 

p o 


ft 000 7 0 4- 


slug/ou ft 


Estimated percentage of density increase 






percent 


Inlet density of eir 


p 


ft 000 67/ 


slu^/ou ft 


Coefficient of visdosity of air 






slug/ft-^a o 


Radiator tube wall temperature 
= av. coolant temperature 


«» 






cl k u 


c 






n Vn D 

[J V Q U 


p -o 


3$/o00 








H8 




0.098 p y q 3 

CD Rq j * cz 




18.1 & 
















k ss i 




7-73 C(T W - Ti) 
H V 0 2 




o. oe i8i 




Ratio of open lo total frontal area 
of radiator 




o, i 7 
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(2) IJsing the data of form 1, fill in the column "Value" 
imder "Constant" in form 2. 



Radiator Selection Form 2 



Constant 


Generalized 
variable 
(a) 


Variable 


Symbol 


Value 


Symbol 


Value 


SjTnbol 


Value 


Unit 


, , 

9 

10 % ^i- Lr V 2 Ro 0o2 D 


. 






A 




sq ft 


5 

rV 

PV Q 2 


CO 20 3 


Ap' 




Ap 




Ib/sq ft 


V() 


0.003?5 




/. ?4 


Q 


W> r 


cu ft/sec 


5 

I-! ; K-2 


; 0. 


V' 




V 


l 7 3 


cu ft 


7 

0 


g 07 a '6'"' 


P' 




p t 




ft-lb/sec 



Constant x variable ■= generalized variable. 



(J) Calculate the value of one of the generalized variables. 

As stated before, one of the variables is usually chosen in 
advance. The present example is worked for a radiator chat is 
to have a total frontal area of 5 square feet or an open frontal 
area A of Jfr? = 2 square feet. Multiplication of this 
value of A by the value of the proper constant (see firat line 
of selection form 2) gives 1.9 as the value of A'. 

(h.) Find the point on the selection chart that is to 
represent the radiator. 
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Any point on the line A T - 1.9 on the selection chart 
can be selected as the point representing the radiator to be 
selected 0 The values of the other radiator variables will 
depend upon the point selected, It seems reasonable to 
choose the point at which P ! (and consequently P^) is a 
minimum. This point will, in general, be near the minimum 
value of £p* (and of Ap). i ? or A 1 = lc9> the minimum P ! 
is 2.88. At bhe point determined by these values of A* 
and P', Apl = !*7(.6, v« = l.c^O, and Q' ~.1.9lj-. 

(5) Calculate the values of the radiator variables. 

The values of the generalized variables and of the con- 
stants in selection form 2 are now known. Prom the rela- 
tions shown in form 2, the values of Ap, Q, v, and P^ can 
be easily calculated: 



Ap 




0,714.6 
0.0203 



lb/sq ft 



Q,f 

0.00393 



0.00393 



1|86 cu 



ft/sec 



Open volume, 



v 



0,665 



1.1 ;.0 
0.bo5 



2.113 



cu ft 



Total volume 



v 





cubic feet 



75 



8.07 x 10 
2j£_ 



8.07 x 10 



-5 



= 35,670 ft-lb/sec 



To the value of 
viously found should 
momentum increase as 
as given by equation 



the friction pressure drop tsp pre- 
be added the pressure drop due to 
given by equation (36) and the end loss 
(68), which is given in part III, 



The selection chart (fig, 26) was used to construct the 
three-dimensional figures 27 and 28, which show the rela- 
tions among the radiator variables at two altitudes for a 
pursuit airplane and for a heat dissipation rate of l;.7l+ 3tu 
per second, figures 27 and 23 should be of value in showing 
how a change in the value of any one of the variables affects 
the values of the others. 



SELECTION OP 3TTERC00LERS 



Because the density of the atmosphere is a decreasing 
function of altitude, supercharging is used at altitude to 
compress the engine air in order that engine pov/er can be 
maintained at or near its sea-level value. A supercharger, 
however, in compressing the air, also raises its temperature. 
The temperature of the air must then be reduced in order to 
increase its density and to prevent the detonation that re- 
sults from high air temperatures. The reduction in tempera- 
ture is accomplished by an inter cooler, which is simply a 
heat exchanger in which both fluids are air. 



Interrelations among In t e rcooler Variables 

The selection of a heat exchanger presupposes that the 
design - that is, the internal geometry - has been chosen, 
that the rate y£ heat transfer which the heat exchanger must 
give is known, and that the altitude for which the heat 
exchanger is to be selected is known. The process of selec- 
tion, then, consists in determining the external dimensions 
of the heat exchanger. For a given rate of heat transfer, 
these dimensions determine the pressure drops, the weight 
flow of cooling air, and the power cost of the exchanger. 




V, CU ft V, CU ft Y, CU ft 

Figure 2o. - Radiator variables for pursuit airplane. Altitude, ].;.0,000 feat ; heat 

dissipation, h^li Btu per second. 

-4 
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The selection of the dimensions piust be so made that the five 
requirement.;; previously listed will be met, In addition to 
being able to effect the required rate of heat transfer, the 
cooling-air pressure drop must not exceed that available, 
the dimensions must not exceed the dimensions of the available 
installation space, the engine-air pressure drop must not 
exceed the permissible amourrc , and the power cost should not 
be excessive c 

The power cost P t of &n lntercooler is taken as the 
cost of pumping the cooling fcfy o.nd the engine air through 
the lntercooler plus the coat of transporting the weight of 
the inter cooler; thus 

Pt ~ Qc Ap c * % *Pe + % 

where 

% = * cr P R v v Q (56) 

In selecting an lntercooler to meet some of the fore- 
going requirements , it is easy to obtain one that fails to 
meet the other requirements * In order to show how the dif- 
ferent dimensions | the cooling-air weight flow, the cooling- 
air pressure drop, and the power cost affect one another, 
figure 29 has been prepared, Figure 2Q was constructed for 
a pursuit airplane with l6'/'5 normal engine horsepower 
operating at an altitude of ^6,000 feet. The figure shows 
the three dimensions, engine-air passages length L e , cooliu. - 
air passage length L CI no-flow dimension L n , the lntercooler 
volume v, and the power cost ?t as functions of the ratio 
of cooling-air weight flow to engine-air weight flow V/ C /Vv r e 
and the coo ling -air pressure drop Ap c , 

The coordinates W c /ff e and Ap c chosen as a base for 
drawing figure 29 are probably the most nearly oasic of the 
quantities involved* The ratio W c /W e determines the mean 
temperature difference between the two "fluids in the lnter- 
cooler. If W C/ A7 e is small, the mean temperature differ- 
ence is small and large surface area and large volume are 
required. (Pig* 12 shows l/| as a function of the ratio 
W c/We« The c.Imensionless quantity t is the mean tempera- 
ture difference in crossflov; divided by the difference in 
the inlet temperatures of che engine air and the cooling air. 
In making the computations for figure 29, a value of 
b = 0 C ?5& was used, where £> is the ratio of engine-air 
temperature drop to the difference In the inlet temperatures,) 
The cooling-air pressure drop is also important because the 
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upper Unit ia usually known (as some fraction of the free- 
stream, dynamic pressure) and also because its value has a 
strong effect on the power cost of the interecoler . 

Much information can be obtained, from a study of fig- 
ure 29. Only a United part of the possible range of 
weight-flow ratio and cooling-air pressure drop is shown. 
In fact, most of the "bad" region is not shown. The lowest 
value of W c /W e used in tile figure is unity.- As previously 
stated* the value of V/ C /Vv e determines the mean temperature 
difference between the engine air and the cooling air. For 
values of Wq/Nq less than unity, the temperature difference 
is quite small (see fig. 12) and all the variables, except 
L n> have exceedingly high values. Values of W c /l7 e greater 
than I4, also are not shown because the value of the mean 
temperature difference has leveled off with increasing W c /W e 
(fig. 12) and further increase in W c /iV e produces negligible 
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decreases in L e , L c , and v and results in large values of 
p£ and In particularly large values of L n . 

Likewise | values of Ap c less than 10 pounds per square 
foot are not shown, Both the power cost and the volume in- 
crease rapidly with decreasing Ap c in the region between 
Ao c - 10 and Ap c ~ 0 pounds per square foot. Although 
figure 29 is not extended far enough even to hint of the 
rapid upturn of the volume and the power, actually both the 
volume and the pov/er approach infinity as Ap c approaches 
zero, Also, values of Ap c greater than 5.0 pounds per 
square foot are not shown in figure 29. Although the cooling 
air pressure drop available at the airplane speed and alti- 
tude used in constructing figure 29 is of the order of 100 
pounds per square foot, the only advantage (see fig. 29) of 
U3ing large pressure drops is in obtaining lower values of 
L n . This advantage is usually more than offset by the large 
power cost that accompanies large pressure drops. 

Inter coolers are sometimes so chosen that they require 
practically all the available cooling-air pressure drop 0 
Figure 20 shows that the power consumption of intercoolers 
can be materially reduced by using lower cooling-air pressure 
drops than are frequently used. 

Figure 29 was constructed for a pursuit airplane using 
1675 engine horseoower in the normal-power cruising condition, 
with the engine supercharged to full normal power at a maxi- 
mum altitude of 56, 000 feet and having a normal-power speed 
of I160 miles per hour at that altitude. For engines of 
different power , L n and v can be scaled in direct propor- 
tion to the engine power. The values of L e , L c , &Pcj and 
Wc/We a ^e independent of engine power, 

Harrison aluminum louvered intercoolers with an engine- 
air pressure drop of 1 inch of mercury were used in calcu- 
lating figure 29- For intercoolers of other design and for 
airplanes other than the one previously described, the figure, 
although not exactly applicable quantitatively, 3hould never- 
theless be quite useful in showing qualitatively the interde- 
pendence of the intercooler variables and how compromises 
among the variables can be effected. 



Selection Charts 

Enough experimental investigations have been made of 
different designs of intercooler bo make it possible to write 
equations that correlate the heat transfer of all designs of 
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intercoolers yet constructed. It is of course possible to 
use these equations in selecting the external dimensions of 
inter cooler s by calculating the rate of heat transfer, the 
pressure drops, and the power cost of a number of combina- 
tions of external dimensions and weight-flow rates. Such a 
procedure is, however, extremely tedious. The use of some 
form of selection chart is much more desirable. Two general 
types of selection chart are available for selecting inter- 
coolers: namely, performance charts and generalized selection 
charts . 

Performance charts are made up, usually by the manufac- 
turer, for inter coolers of a given internal geometry. It 
is customary to construct, from test data, a set of charts 
for different combinations of dimensions and pressure drops. 
When a set of these charts is available, the selection of an 
inter cooler that satisfies most of the requirements is rela- 
tively easy* This nongeneralized type of chart, however, 
is not suitable for showing the power cost of the inter- 
coolers and does not easily show the effects on all the other 
variables when any one variable is systematically varied. 

The second type of chart is the generalized chart, A 
single chart can be constructed that is applicable for all 
inter coolers of a given general design: that is, one general- 
ized chart can be used for all tubular intercoolers of all 
tube sizes and tube spacings. Another single chart can be 
used for all intercoolers of the Harrison type, no matter 
what the size of the passages. Such charts are particu- 
larly valuable in that they show how the other variables are 
affected when one of them is systematically varied. Because 
the power cost is included as one of the variables shown on 
the generalized chart, the selection of the most satisfactory 
intercooler for a given installation generally requires only 
one or two trials with the generalized chart but may mean a 
large number of trials with performance charts. 

Generalized selection charts for tubular intercoolers 
and for Harrison intercoolers are given in reference 17 . 
These charts are highly generalized in that a single chart 
can be used for selecting all intercoolers of a given general 
design, for ail airplanes, and for all altitudes. Because 
of the high degree of generalization, the auxiliary calcu- 
lations that must be made in the selection of an intercooler 
with these charts are tedious. For intercoolers of a given 
internal geometry 9 however, many of these calculations can 
be made once, the results incorporated into a selection form, 
and the form used to simplify the selection process. Selec- 
tion forms for an Airesearch tubular intercooler and for 
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Harrison copper intercoolers are presented In reference 17 
and for Harrison aluminum intercoolers in reference 18. 

The selection of an intercooler always represents a 
compromise among dimensions, cooling-air pressure drop, and 
power cost. Generalized charts make it possible to select, 
usually on the first trial , the Intercooler that represents 
the most satisfactory compromise for any given set of condi- 
tions. In fact, without the aid of the generalized charts, 
it is extremely difficult to select, for any given set of 
Conditions, the best intercooler. Cn the other hand, for 
one who is not familiar with the generalized charts, the 
selection of an intercooler by a performance chart is un- 
doubtedly easier than by the generalized charts. The best 
recommendation therefore seems to be that the performance 
charts be used for choosing intercoolers and that the selec- 
tion be guided by figure 29. 



Preliminary Calculations 

A number of preliminary calculations have to be made 
before a selection chart is usee. In the present section, 
these calculations are illustrated for a typical case. An 
airplane having an engine with 1200 normal brake horsepower 
is' assumed • The engine is supercharged by a turbosuper- 
charger. The critical altitude, that is, the maximum alti- 
tude at which full normal engine power is developed, is 
20,000 feet. ' The level-flight normal-power speed at that 
altitude is !;00 miles per hour. 

Intercoolers are usually selected for the altitude at 
which the cooling problem is the most difficult. For gear- 
driven superchargers, this altitude is usually the one at 
which the gears are shifted into the highest ratio. The 
quantity £, which is the drop in engine -air temperature re- 
quired of an intercooler divided b : ; r the difference in the 
engine-air and the cooling-air inlet temperatures, is plotted 
against altitude for a gear-driven supercharger in figure 30. 

For turbosuperchargers , the most severe demands are made 
on the intercooler at the critical altitude • Figure $1 
illustrates the variation of c, with altitude for a turbo- 
supercharger installation . 

If the supercharger compressed the air isentropically , 
the ratio of the air temperatures at the outlet and at the 
inlet of the compressor -o/ T i would be given by the 
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equation for adiabatic isentropic pressure changes 



Y-1 

To /PoV 



(50) 



The temperature rise in the compressor therefore would be 

r-1 



given by the equation 



AT - T 



\vi) 



M 1 



Losses do occur | however, In the supercharger. In 
effect, to some extent the compressor churns the air and 
heats ib without compressing it. The actual temperature 
rise Is given by the equation 



i 



AT 



v-i 



i 



(66) 



in which v in defined as the supercharger efficiency. 
Equation ( 66) can be written 



T o _ vv 



_ i 



T i ~ Tl 



+ l (6?) 



Equation (67) was used for plotting figure *>2, in which the 
temperature ratio is shown as a function of the pressure 
ratio and the supercharger efficiency. 



One of the quantities that must be known for the selec- 
tion of an intercooler is the temperature of the engine air 
at the inlet to the intercooler. This temperature can be 
found as follows: as an example, it is assumed that the air 
at the supercharger inlet has been slowed to one-third its 
free-stream speed. The free-stream speed is JlCO miles per 
hour or feet per second, and the supercharger inlet 

velocity is 19o feet per second. The supercharger inlet 
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Figure ~ Ratio of air temperatures at supercharger outlet 

and inlet as a function of pressure ratio and supercharger 
efficiency. 
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temperature is given by equation (1$) as 

lOn" 

= (-12 + J:.59) + C.8J2 (3^.6 - 3.8) 

= li?2.6° y abs. 

The super charger inlet pressure ta given by equation 
(50) as 

f A i iy-1 

a 16.65 in. of mercury • 

It is assumed that a pressure of J] inches of mercury is 
obtained at the outlet of the supercharger. The pressure 
ratio in the super char ger then is 



Po 31 



16.63 



l 

k 1.86 



For a pressure ratio of 1.86 and a supercharger efficiency 
of 0.60, figure 32 gives the temperature ratio a 3 

^2 = 1,5] 

The engine -air temperature at the supercharger outlet, or at 
the inter cooler inlet, then is 

T 0 = 1.31 * h;jZ/o 

= 619° F abs. 

i l60° F 
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For illustration, the engine-air temperature required 
at the inter cooler outlet is assumed to he 80° F. The 
engine-air temperature drop required in the intercooler 
therefore is 

AT = 160 - 80 

- 30° F 

In order to find the inlet temperature of the cooling 

air must he found. It can be estimated by estimating the 
a&iabatic temperature rise that the cooling air undergoes 
between the free stream and the inter cooler inlet. The 
free-stream speed is J'.CO telle 8 per hour or 588 - Pe ^t per 
second. The estimated speed of the ^ir in the intercooler 
is 75 miles per hour or 110 feet per second. The auiabatic 
temperature rise, as given by equation ) , therefore is 

AT = i (iiOO)^ - (110)2] 

« 23° F 

The cooling-air inlet temperature then is 

T c ss -12 * 23 
2 16° F 

The difference In inlet temperatures is 

160 - 16 - 111 0 W 

The engine -.air temperature drop divided by the inlet 
t e n 1 p e rature difference is 

80 



= Gc5o 

The rate of engine -air flow can be calculated by multi- 
plying the e:\gine brake horsepower by the rate of air con- 
sumption per engine horsepov/er. The rate of air consumption 
is furnished by the engine manufacturer and is of the order 
of 7*5 pounds per hour per horsepower. For the present 
example, then, the engine -air flov; is 

w = 1200_XJZ^ 

e 36OO 

« 2*5 lh/sec 



The rate of heat transfer required la given by equa- 
tion (J|) as 

51 = vv 7 0 e p &T (1+) 

2„S x 0 ,2lt x CO 

a ).<3.0 BbTi/seo 

After the if; preliminary ca] culation3 are nac'e, an 
intercooler may be selected, Any one or? a number of methods 
or charbs can be used - either the performance charts pub- 
lished by the various Intercooler manufacturers such as 
those in' reference 19, or tie cherts published in refer- 
ence 20, or the generalised charts of reference Ff • A de- 
tail descript Lor^ of the use of these charts i3 x^ot desirable 
in the present report, The "mechanics of each Method is 
clearly explained in the reference report. In the present 
report, it is dee ired only to suggest that the picture 
presented by figure 29 be kept in mind in order that a 3ood 
selection may be made. 



SELECTION 07 OIL COOLERS 



Oil coolers are used to dissipate a part of the heat 
developed in engines and to keep the oil at a cafe tempera- 
ture. The heat rejection to the oil is usually specified 
by the engine manufacturer, It is ens comar ily taken as 
about 6 or 7 percent of the brake horsepower for air-cooled 
engines and about 9 or 10 percent of the brake horsepower 
for liquid-cooled engines. The heat rejection to the oil 
may vary not only from engine to engine but also with the 
age of the engine, inasmuch as it depends somewhat on the 
clearances in the engine. 

As was pointed out in the discussion of oil coolers in 
the section entitled "Applications to Design, 11 in part I, 
the Reynolds number of the flow of oil in coolers is so low 
that the flow is laminar rather than turbulent. When the 
temperature of the cooling air is low, the temperature of 
the oil 1 nay become so low that the oil conceals. When this 
condition occurs, the thermal resistance on the oil side 
becomes so great that the oil which may be forced through 
the cooler is njfct" properly cooled. An example of the effect 
of congealing in a typical oil cooler is shown in figure 33, 
As the inlet air temperature is decreased, the rate of heat 
dissipation increases until a certain air temperature is 
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reached - in this instance, about -5° F« Below this tempera- 
ture, heat dissipation decreases and oil outlet temperature 
increases because the oil is congealing. 

The satisfactory correlation of heat transfer in highly 
•viscous fluids, such as oil, in laminar flow in smooth 
straight tubes is not yet possible. Correlation for oil 
coolers! is further complicated by congealing, by aeration of 
the- oil, and by the different heat-transfer characteristics 
of the baffle systems used by different manufacturers. For 
these reasons, generalised selection charts, such as those 
discussed previously for coolant radiators and air inter- 
coolers, are not yet available for oil coolers • Performance 



charts have been c 
facturers and can 
of oil coolers. 



obstructed, however j by the various manu- 

used for the selection 
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satisfactorily 
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The performance charts are usually set up in a form 
somewhat similar to that used in figures 7 jl\. and 35. In 
figure 3I4., the rate of heat dissipation is shown in Btu per 
minute per 100° temperature difference "between the average 
oil temperature and' the inlet air temperature for coolers 11 
and 15 inches in diameter v This rate of heat dissipation 
is shown as a function of cooling-air pressure drop times 
density ratio in inches of water and of rate of oil flow in 
pounds per minute. In figure 55, the rate of flow of 
cooling air is shown as a .function of the cooling-air pressure 
drop for coolers of two sizes, With similar charts for 
coolers of other si^es and for coolers of various manufac- 
turers, the selection of a cooler is easy. (Pigs, 5^4- and 
55 are chiefly illustrative and aonly quantitatively only to 
coolers having a particular "baffle arrangement.) 

The selection of an oil cooler will be most satisfactory, 
however, if the selection can he so made that the tendency of 
the oil to congeal at low air temperatures is avoided.. The 
following discussion is intended only to give an indication 
of what Bight he done in the selection of coolers to avoid 
congealing^ 70 r a given set of conditions on the oil side - 
that is, for a given ba£ fie system, a given rate of oil flow, 
and a given oil inlet bemperature - whether congealing occurs 
depends on conditions on the air side - that is, on air 
temperature and rate of flow. Consider the curve in fig- 
ure^!; for an oil flow of 90 pounds per minute in the 15-inch 
cooler. On this curve, a temperature of 60° has been^ 
marked with a tick at a cooling-air pressure drop of 12.2 
inches of water to indicate that, if the inlet air tempera- 
ture is 60° F, congealing is likely to occur if an air 
-oressure drop greater than 12.2 inches of water is used. 
In other words j the pare of the curve to the left of the 
tick marked 60° can be used without danger of congealing, if 
the Inlet air temperature is 60° P or above. The part of 
the curve to the right of the^bO 0 tick Is unsafe for use if 
the inlet air temperature is 6o° F or less < Correspondingly, 
the tick marked hb° at a pressure drop of 3.3 inches of 
water indicates that, on that part of the curve to the right 
of 3. 7 ) Inches of water, congealing will occur if the inlet 
air temperature is 1,.0° F or less. Similarly, temperatures 
are marked with ticks on the curves for other oil flows in 
the 15-inch cooler. 




oLr) C:) in, water 

Figure 5^* - Typical oil-cooler performance chart - heat 
dissipation as a function of cooling-air pressure drop and 
oil flow rate. 
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Figure 35. - Cooling-air weight flow as a function of cooling - 

alr pressure drop for cooler of figure 54 • 
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SELECTION OP E1TGINE FINS 



If an engine is not adequately cooled, improvements in 
the cooling will make possible a number of improitements in 
H the ;oerfo.rnance of the engine • Better cooling makes possible 

i & decrease in fuel consumption, an increase in the power 

output that can be used, a reduction in detonation, and an 
^ increase in the altitude at which sufficient pressure drop 

for cooling is available. As examples of the improvements 
that can be made in the cooling of air-cooled engines by 
relatively simple change a in the finning, the following 
illustrations are presented* These illustrations show how 
the maximum altitude at which full power can be taken from 
an engine, as determined by the cooling of the engine, can 
be increased by increasing the fin surface area by the use 
of wilder and thinner fins. 

It has previously been shown that the rate of heat 
transfer from a finned air-cooled cylinder is a function of 
the fin width, thickness, and spacing, of the thermal con- 
ductivity of the fin metal, and of the pV of trie cooling 
air in the fins. At high altitudes, the cooling of an 
engine usually becomes difficult because the low air density 
makes a high air velocity necessary. The high velocity re- 
sults in b large pressure drop. The pressure drop required 
for cooling may be greater than that available. In such a 
case, the velocity required to effect the necessary rate of 
heat transfer, and accordingly the pressure drop required, 
can be reduce:! by increasing the fin surface area. as 
illustrations, consider figure 06, which is taken from 
figure l6 of reference 12. In figure 36, the ratio of the 
engine cooling-air pressure drop required to the pressure 
drop available, in the high- speed-flight condition of the 
airplane considered in reference 12, is plotted as a func- 
tion of altitude for four different fin arrangements. It 
is assumed that the engine develops full normal horsepower 
at all the altitudes considered. The engine cannot be 
cooled when the ratio of pressure drop required to pressure 
drop available exceeds unity. For aluminum fins O.75 inch 
wide and 0.0c inch thick - dimensions representative of the 
finning on old 'or low-powered engines - the limiting alti- 
tude is 25,000 feet. With aluminum fins 1 inch wide and 
O.Oo inch thick, the engine can be cooled to )l2,000 feet. 
With aluminum fins 1 . 5 inches wide and 0.0^2 inch thick, the 
limiting altitude is raised to 55, 000 feet* With copper 
fins 1.5 inches wide and O.OJS inch thick, the engine can be 
cooled at altitudes up to 59,000 feet. 
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Altitude, ft 



Figure 36. - Effect of fin a 1 inensions and altitude on cooling 
of radial engine. ( ^r-om fig, lo of reference 1?..) 

The foregfiiag examples of improving engine cooling, which 
are confined to Increasing the fin v/idth and decreasing the 
fin thickness, arc not exhaustive of the possibilities of 
improving cooling by change 3 in fin dimensions, The pres- 
sure drop required for cooling can also be materially reduced 
by the use of smaller fin spacing, for example . As further 
illustrations of possible improvements, consider the sources 
of pressure loss across an engine as shown in figure 37 ♦ 
This figure, which .1.3 taken from figure 15 ot reference 12, 
gives a breakdown of the pressure drop shown in figure 36 for 
the engine with the 1-inch fins. As is shown, the pressure 
drop is" made up of three components' (1) the drop caused by 
friction in the fins, (2) the drop that accompanies the in- 
crease in the momentum of the air, which is caused by the 
change in the temperature and the pressure of the air, and 
(3) the loss that is caused by the abrupt expansion at the 
exit from the baffles. Only the first of these components, 
that due to friction, should be considered a necessary and 
useful nressure drop, The other two components should be 
considered not only* not useful but also not necessary. An 
arrangement in 'which pressure loss is caused only by friction 
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Figure 37. - Breakdown of cooling-air pressure drop across 
radial engine. Friction pressure drop, momentum pressure 
drop, exit pressure drop, and total pressure drop for 
1-inch fins as functions of altitude. (Prom fig. 15 of 
reference 12 . ) 

should be kept in mind as the ideal arrangement. As is 
pointed out in reference 21, if the air passages can be de- 
signed to have the proper expansion from" entrance to exit, 
with the result that the dynamic pressure of the air remains 
constant in spite of a change in its density, then the 
momentum of the air remains constant and the pressure loss 
due to increase in momentum is eliminated. 

The large loss that is due to the abrupt expansion at 
the exit from the baffles, furthermore, is proportional to 
the dynamic pressure at the exit. By the use of wider fins, 
the exit dynamic pressure is reduced and the expansion loss 
accordingly is reduced. Furthermore, by an improvement in 
the exit, such as the provision of a gradually expanding 
duct following the baffle, the loss due to the expansion can 
be reduced. 
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III - INSTALLAT ION 



Each heat exchanger, after it has been designed and 
selected, must be fitted into the airplane. The installa- 
tion should be made in such a manner "that the pressure drop 
and the air flow required by the exchanger will be adequately 
developed and. that the increase in the form drag of the air- 
plane due to the installation will be low. Many and exten- 
sive investigations have been made of the problems connected 
with the installation of heat exchangers. The purpose of 
part III is to give the important principles that have' been 
learned. For convenience in analysis, "the discussion is 
presented in several sections. 



COOLING-AIR ENTRANCE 

General Remarks on Design of Entrances 

The function of the cooling-air entrance is to induct 
air of high total pressure into the airplane. The entrance 
must function satisfactorily over a large range of angle of 
attack of the airplane. It also must allow a large varia- 
tion in the volume rate of flow as the altitude and the engine 
power change. The leading edge of the entrance therefore 
must have the sane characteristics as the leading edge of a 
wing. If a wing were designed to fly always at one angle of 
attack, the lowest drag would be obtained with a relatively 
sharp leading edge properly alined for that angle of attack, 
A practicable wing must be capable of functioning through a 
large variation of angle of attack, however, and must there- 
fore have a well-rounded leading edge. For the same reasons, 
the leading edge of an entrance muse also be well rounded. 

Figure 38 shows the variation with altitude of quantity 
Of cooling air Q, for an air-cooled engine having a rated 
power of lo75 horsepower (reference 12). It can be seen 
that the velocity of the air in the entrance varies in the 
ratio of about 2^:1 between an altitude of 1|0, 000 feet and 
sea level, ^ 

The power developed by the engine obviously has a marked 
effect upon the cooling requirements. Figure 39 illustrates 
the variation of the ratio of the quantity of cooling air 
required to the quantity required for rated engine power out- 
put as a function of the engine power. Under operating con- 
ditions in flight, engines operate all the way from about 
percent to more than 100 percent of normal power. 
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Figure 3&, - Quantity of cooling air required by 1673- 

horsepower engine us a function of altitude. (Calculated 
data of reference 12.) 
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Effect of engine power on quantity of cooling 
air required. 
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In the design of the leading edge, however, not the 
actual inlet velocity of the cooling air tout the ratio of 
inlet velocity to airplane velocity is the important factor „ 
The variation of this factor is illustrated in the variation 
in the streamlines in figure !|0, which shows graphically the 
range of conditions under which an entrance should b€ able 
to function properly. 

In addition to developing the required flow under a 
wide r#Jige of conditions, an entrance should allow the flow 
to take place Without large external or internal entrance 
losses. Separation of the flow on the inside of the entrance 
will cause a loss in the pressure available for cooling and 
an increase in drag that is proportional to the dynamic pres- 
sure in the entrance. The inside of the entrance should 
therefore be designed with regard to the dynamic pressure 
there. If the dynamic pressure is high, the inside of the 
entrance must be carefully designed to avoid excessive losses. 
If the dynamic pressure is low, losses cannot be large and 
the design is therefore not critical. 

If there is separation of the flow over the outside of 
the entrance, large losses that result in high drag will 
occur. The shape of the outside of the entrance behind the 
leading edge determines the local velocity of the air over 
the surface. If the radius of curvature of the surface Is 
large, the velocity approaches f ree-stream velocity. If 
the radius is small, the velocity is large compared with 
free-stream velocity and the drag may then be high because a 
shock wave is formed. 

The foregoing statements regarding entrances apjily 
equally to engine cowlings, scoops, and wing entrances. 
Each of these entrances, however, has peculiar advantages 
and shortcomings that must be recognized. 



Conventional NAG A Cowlings 

The general shape of the conventional NACA engine cowling 
is shown in figure lj_0 • The velocity of the flow over the 
outside of cowlings is greater than free-stream velocit?/. 
According to pressure-distribution measurements and wind- 
tunnel tests, the critical Mach number of the conventional 
engine cowlings generally is rather low. The formation of 
shock waves may be prevented, however, as previoi^sly indi- 
cated, by modifications in the radius of curvature. Up to 
the present time, no airplane has experienced .large drag in- 
creases due to the formation of shock waves on a conventional 
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cowling. Shock waves form on some of the other important 
parts of an airplane at lower airplane speeds than on the 
conventional NACA cowling. The most critical parts, in 
decreasing order of impor bance, are • propeller / wing-fuselage 
juncture, cowling, and wing. High drag from conventional 
cowlings has resulted, a3 is discussed later, principally 
from a poor design of the afterbody of a cowling or from a 
poor alinement of the afterbody and the wing. 

I Scoops 

The greatest disadvantage of scoops is that they add to 
the frontal area of the airplane. Air taken in by a scoop 
generally can be more economically inducted through an 
opening in the front of a nacelle or in the leading edge of 
a wing. Furthermore, scoops are usually located where a 
boundary layer already exists on the airplane. An entrance 
that admits air of both high and low energy tends to allow 
the air to flow out of the scoop at the corners where the 
scoon meets the surface of the airplane. If the air is 
slowed down considerably before it enters the scoop, the 
rapid pressure rise may cause a separation of the boundary 
layer just in front of the entrance. Such a separation is 
accompanied by a large entry loss, by nonuniform" pressure 
distribution in the entry, and by spillage or return flow 
from the corners of the scoop. One remedy is to raise the 
scoop off the surface in such a way that the low-energy air 
is diverted around the scoop. another remedy is to decrease 
the entrance area of the scoop in order that the air will 
enter at five-tenths to seven-tenths airplane speed. The 
first method somewhat increases the frontal area of the scoop. 
The second method results in an entrance that is critical to 
the changes in flow associated with changes in engine power 
and in altitude and also necessitates care in the design of 
the inside of the entrance, on account of the relatively high 
dynamic pressure that must be handled. 



Wing Entrances 

Wing entrances meet some of the conditions for desirable 
entrances. They are located at a forward stagnation point 
on a well-streamlined body. The wing behind the entrance 
provides a desirable housing for the heat exchanger. The 
chief consideration in the design of wing entrances is so to 
arrange the entrance that the flow over the wing, and conse- 
quently the lift, is not appreciably affected. The solution 
of this problem requires care and experience. For structural 
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reasons, a v/ing is designed to be an thick as possible and 
therefore a large expansion of the flow over the after part 
of the v/ing is required. At high angles of attack, the 
expansion becomes critical. Any interruption of the flow 
near the leading edge such as is caused by an entrance, guns, 
bumps, and so forth, tends to produce an instability in the 
flow over the wing that causes separation in the region of 
expansion. Separation results in increased drag, reduced 
lift, and reduced maximum lift coefficient. 

Another factor that merits consideration when air is 
taken into an airplane at the leading edge of a wing is the 
change in the orientation of the entry with respect to the 
local air flow when the angle of attack of the v/ing is changed. 
Because of the increase in the upward, component of the air 
flaw when the angle of attack of a wing is increased, the in- 
crease in the effective angle of attack for the duct entry is 
greater than the actual increase in the angle of attack of 
the wing. In fact, the effective angle of attack' may in- 
crease one and one -half to two times as much as the angle of 
attack of the wing. On bombers, for which the difference 
in angle of attack for cruising and for climbing is small, 
the effect is probably not important. On pursuit airplanes, 
however, it may be important. 

The safest procedure in the design of v/ing entrances is 
to investigate the entrances on the actual airr^lane in 
flight. In this way, the effect of the propeller is included. 
When the entrance is studied on a model in a wind tunnel, 
great care is necessary to avoid obtaining a misleading result. 
The effect of the entrance on the lift is most evident near 
the wing stall angle. The effect of the wind-tunnel walls 
may dominate the result near this angle and supporting strut 
interference may greatly exaggerate the losses caused by the 
entrance , 



COOLING-AIR EXIT 



The cooling-air exit should be designed to introduce 
the cooling air back into the air- stream in such a manner 
that the drag will not be unduly large. Por example, the 
low-energy cooling air may cause separation of the flow from 
a nacelle, Separation is likely to occur if the cooling 
air is emitted at a place where the flow is already near the 
normal limit of expansion; thus, it is much easier to make a 
low-drag exit on the bottom of a wing than on the rear top 
part of a wing. 
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The air flow through a heat exchanger should be con- 
trolled by varying the size of the exit. In high-speed 
flight at' low altitudes, the dynamic pressure of the free 
stream is high and the pressure drop available for cooling 
is greater than is necessary. Lnder these conditions, the 
area of the exit is reduced in order to reduce the .flow of 
air and the pressure drop through the exchanger* In the 
condition of climb, the pressure drop required by the 
**| exchanger frequently equals or exceeds the dynamic pressure 

M of the^free stream. The exit area is then made large. . 

S That the exit area must undergo large changes to accommodate 

large changes in the volume rate of flow under various con- 
ditions of airplane speed, altitude, and rate of heat trans- 
fer is evident from an earlier discussion. 



DRAG OF AS r TOTALISATION 
Form Drag 

The form drag of an installation is largely a function 
of its frontal area. For instance, a completely submerged 
installation has no form drag except possibly that caused by 
a poor air entramce or exit. At the other extreme, a large 
nacelle on a thin wing has a relatively large form drag. 
In practice, nacelles are submerged in wings various amounts. 
For all these arrangements, the drag of the nacelle is very 
nearly proportional to the frontal area of the nonsubmerged 
par t . 

Streamline bodies and nacelles with conventional NACA 
cowlings have been tested mangr times to determine the rela- 
tive form drag of these bodies. The results of many of these 
tests are summarized in figure Ll, in which drag coefficient 
based on frontal area is shown as a function of fineness 
ratio. The dashed line is for streamline bodies of revolu- 
tion; the solid line is for the same bodies equipped with 
conventional NACA cowlings. Fineness ratio is defined here 
as the ratio of the length behind the maximum section to the 
diameter of the maxiiauin section. It will be noted that the 
bodies equipped with rose cowlings are much more sens it i ve- 
to the treatment of the afterbody than the bodies with 
roujided noses. This fact shows that the conventional cowling 
introduces some sort of instability into the flov/ which may 
cause separation and result in a high form drag. .This In- 
stability can be counteracted to a large extent by alining 
the afterbody with the flow. In the setup being considered, 
alinement of the afterbody means the use of long afterbodies 
in order that the rate of expansion of the flow over the 
afterbody is low* 
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Figure I4.lt - Effect of fineness ratio on drag coefficient of 
body of revolution with streamline nose and with NACA 
cowling nose . 

The situation is similar when the nacelle is installed, 
on 'a wing. If the nacelle is not alined with the flow over 
the Wing, the unstable flow causes separation on the nacelle 
and the wing and a high drag results. Exactly true alinement 
obviously cannot be obtained except at one angle of attack . 
The alinement should therefore be made for the condition of 
flight in which the best performance is desired. 

Analyses and wind-tunnel tests show that engine cooling 
can be obtained for about 5 percent of the engine power, 
which is a relatively lev/ cost; the exact amount depends upon 
the critical altitude of the engine. The cost of engine 
cooling, however $ in almost all actual Installations is much 
larger than 5 percent of the engine power. For a critical 
altitude of 2 r ),000 feet, for example, an installation that 
gives engine cooling at a cost of only 10 percent of the 
engine power is considered particularly g^od. The high cost 
generally can be largely attributed to poor design of the 
afterbody of the engine cowling. 
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Coo ling-Air Drag 

The drag of an installation other than the form drag 
previously discussed is caused "by the return to the air- 
stream, through the exit, of air that has less momentum than 
the free stream. Consider the 'flow of air through a heat- 
exchanger installation. In the entrance, the total pres- 
sure of the air is essentially that of the free stream Hq. 
In the heat exchanger, the feir do.es useful work and suffers 
a corresponding loss in total pressure. In the ducts, non- 
useful work is done and further pressure is lost. Finally, 
at the exit the total pressure Ez is given by 

U 3 - Hq - All 

This total pressure tfs 'if composed of static pressure 

■;.\,r\ oynanic pressure. The cross section of the flow at 
tHe exit is such that the static pressure in the exit equals 
the static pressure outside the exit. The velocity of flow 
out of the exit is therefore determined by H* and px § 
The total pressure H* generally is snail enough for the 
velocity of the flow out of the exit to bo less than the 
free-stream velocity Vq. The system must then be charged 
with a drag that is given by 

D - | (v Q - V3) 



PROVISION OF PRESSURE DROP 

Available Pressure Drop vs a Function of 

Free -Str can Pynariic Pressure 

Providing adequate pressure drop is one of the func- 
tions of an installation. A good entrance headed into the 
air stream provides a total pressure that is very nearly 
equal to the total pressure of the free stream. The drop 
in total pressure that Is available for use in a heat 
exchanger and the accompanying ducts and diffusers is the 
difference between the total pressures in the entrance and 
in the exit. In the limit, that is, when the exit area is 
very large, the total pressure in the exit consists solely of 
static pressure and the exit velocity is zero. The available 
total pressure then is the difference between the total pres- 
sure in the entrance and the static pressure In the exit. 
The static pressure in the exit depends on its location. If 
the exit opens to the rear and the velocity of the air over 
the outside of the exit is nearly free-stream velocity, the 
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static pressure in the e;:it is very nearly free-stream 
static pressure. The pressure drop available for the in- 
stallation is then the free-stream dynamic pressure. 

The assumption that the pressure drop available for use 
in any installation is equal to the free-stream dynamic 
pressure usually is not true in practice. When the air- 
plane is motionless on the ground, the free-stream velocity 
is zero; yet a pressure drop lg available because the pro- 
peller produces a flow over the entrance and the exit. In 
flight/ also, the propeller has an effect. The total pres- 
sure in an entrance that is located behind the inner sections 
of a propeller may be less than the total pressure of the 
free stream on account of the blocking effect of the pro- 
peller shanks. The total pressure in an entrance that is 
located behind the outer sections of a propeller may be 
greater than the total pressure of the free stream. If the 
exit is located in the slipstream, the static pressure in 
the exit likewise will be less than that of the free stream. 
Furthermore, flaps can be used to reduce the pressure at 
the exit and to increase the pressure drop available for 
cooling. Under favorable conditions, flaps can increase 
the available drop by some JO percent. It must be realized 
that the radial location of both the entrance and the exit 
with respect to the nropeller and the distance of the 
entrance and the exit behind the propeller determine the 
pressure drop that is available. 



Pressure Provided by Conventional Cowlings 

Alinement of the entrance with the locul air flow is an 
important consideration. An airplane is required to operate 
through a range of angle of attack and this requirement 
handicaps the performance of the entrance. Even a total- 
head tube, which is much like a cowling or scoop, has a 
limited angle of attack through which approximately the full 
total-pressure reading is given. Entrances on airplanes 
are usuallv more critical to change in angle of attack than 
total-head" tubes. At positive angles of attack, crossflow 
over an entrance allows air to enter at the bottom and to 
flow out the top. The usual name for tY\is phenomenon is 
spillage. (See fig. 1l2. ) 

Conventional NAGA cowlings experience spillage and 
engines installed in such cowlings tend to have the lower 
cylinders overcooled and the upper ones undercooled. Numer- 
ous attemot^ have been made to eliminate spillage. The 
most successful scheme is the use of a high-speed entrance. 
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Figure L;_2. - Spillage from poorly alined KACLi cowling. 

This type of entrance has a comparatively small inlet area, 
and the air is inducted at high speed compared with the low 
entrance speed in the case of tne conventional cowling. 
(See fig. 10 . ) The high-speed entrance tends to give a 




Figure t$, - Cowling designed for high air inlet speed.- 
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uniform pressure across the engine*. This entrance, however, 
does not function well under all Slight conditions because 
it tends to "be critics:! to changes in the ratio of air inlet 
speed to free-stream speed, • The pressure provided frequently 
is only approximately that available at the top cylinders in 
the poorly alined conventional cowling. Because there is 
no spillage, no re cooling air is required with the ] dgh-Speed 
entrance. Furthermore, the high velocities make careful 
treatment of the diffusing section necessary. 

A practicable solution to the problem of spillage appears 
to be proper atinement of the conventional cowling. This 
solution involves selecting the most critical cooling condi- 
tion of flight and. alining the cowling with the local air 
flow for that condition. (See fig. b]±. ) Figure 1$ illus- 
trates some of the difficulties involved in obtaining proper 




Figure hi. ~ Properly alined NACA cowling. 

alinement of a cowling* First, it nay be observed that the 
wing dominates the picture. Near the leading edge of a 
wing, the air has a large vertical velocity component that 
is a function of the angle of attack of the wing. If an 
entrance is close to a wing, the local flov/ at the entrance 
is therefore largely determined by the angle of attack of the 
wing. Figure 1$ also shows that the closer an entrance is 
to the leading edge of a wing, the greater the change in the 
direction of the local flow with change in the angle of attack. 



Ill 
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Augmentation of Pressure by Blowers 

Cases arise In which the pressure provided by the normal 
installation is inadequate under some operating conditions. 
The most logical procedure in such cases is to use more sur- 
face area for cooling and thereby to reduce tile pressure 
drop. required by the exchanger. If the greatest possible 
increase in surface area, the proper design of entrance and 
exit, maximum use of the propeller slipstream, and the re- 
duction of nonuseful pressure losses still fail to solve the 
problem, some auxiliary means of providing more pressure 
must be found. 

A blower or a fan is the most direct method of providing, 
increased pressure. The chief difficulty connected with 
the use of a blower is its weight. For efficient blower 
operation, trie speed and the blade setting of the blov/er 
must be controlled by the pilot. If the blower operates at 
constant pitch and at a speed proportional to the engine 
speed., it does the most work and- provides the highest pres- 
sures in the high-speed flight condition for which the 
cooling pressure usually is already adequate. As the alti- 
tude of flight increases, fur thermox^e , the velocity of the 
cooling air increases, the angle of attack of the blower 
blades decreases, and the blower unloads. Figure J4.6 shows 
for a typical constant- speed constant-pitch blower, for 
example, the variation of the oressure rise across the blower 
and the power c^st of operation of the blower as functions 
of altitude, relative to the values at 50,000 feet. If a 
blov/er is used as the solution of the problem of high- 
altitude cooling, it is clear that speed and pitch controls 
must be provided* 

Speed and pitch controls, however, make a blower exces- 
sively heavy and complicated. All cooling problems can 
doubtless be solved by providing adequate heat-transfer 
surface area for obtaining the required cooling with the 
available pressure drops. The question that remains to be 
answered is whether the heat- brans fer engineer will choose 
to provide the required surface area or whether he will 
decide to use a blower with the associated weight and 
complication . 



MECHANISM OF COOLING IN AIR-COOLED ENGINE 



In the following discussion, the aim is to describe some 
of the details of the mechanism of the cooling of an air- 
cooled engine, in order to give an insight into the phenomena 
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Figure lj.6 . - Effect of altitude on pov/er cost and pressure 
rise of constant-speed constant-pitch blower. 

that are Involved, and tD point out the numerous factors 
that must be taken into account in trying to obtain correla- 
tions and the inherent difficulties that are encountered in 
making measurements. 

The mechanism of heat transfer for such cooling units 
as radiators and intercoolers is well known. Here the 
pressure drop for cooling, the rate of heat transfer, the 
flow of cooling air, the flow of fluid to be cooled, and the 
temperatures can all be fitted into a consistent picture and 
correlated with one another. The conditions encountered in 
the air-cooled engine are complicated by numerous factors that 
make such a correlation extremely difficult. 

^n the air-cooled engine, the latent heat of the fuel 
is divided in some such proportion aa that shown in figure l\T( . 



The division of the heat pictured here is only a very 
rough approximation because the relative division depends 
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Figure I4.7* - Approximate division of latent heat of engine 

fuel. 

wpon engine adjustments , sucji as timing, valves, carburetor, 
intercooling, engine power, engine speed, type of fuel, and 
many other factors. It is thus clear that, in attempts at 
correlation, a difficult problem is imposed because, first 
of all, an unpredictable quantity of heat Is to be dissi- 
pated to the cooling air. 

The over-all problem of obtaining a correlation between 
engine temperatures and pressure drop is further complicated 
by the mechanism of cooling. The heat going into cooling 
is divided somewhat as shown in figure h&* It is interesting 




Figure [j.3. 



- Approximate division of engine cooling. 
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to observe that only approximately h.0 percent of the heat is 
dissipated by the baffled part of the cylinder. Only about 
I4.O percent of the cooling, therefore, can be directly corre- 
lated with the pressure drop of the engine cooling air. 

It is clear that the heat to be dissipated to the 
cooling air is a complex function of many factors and that 
the cooling is only partly dependent upon the pressure drop. 
The nature of the cooling-air flow, the means of obtaining 
H pressure, and the method of measuring pressure on an air- 

to cooled engine v/ill be discussed in the following sections. 

M 

Front Pressure 

The flow in front of the engine takes numerous forms, 
depending upon the conditions of flight, the altitude of the 
airplane, and the type of cowling. For instance, consider 
the air flow in a cowling in the high-speed flight condition. 
In this case, the cowling operates very much like a total- 
pressure tube and a measurement of the total pressure in the 
entrance shows very nearly free-stream pressure there. 

In the take-off or climbing condition, the propeller 
superposes a swirl on the axial flow in front of the engine 
(fig, I4.9) « The velocity pressure, the total pressure, and 
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the static pressure then vary radially across the front of 
the engine. 

A spinner is often used to cover the propeller httb and, 
in this case, a relatively high-speed jet is also present 
(fig* 50). The pressure tubes must he carefully located to 
obtain the true pressure. 



Figure ^0. - High-speed jet in ^nall entrance area. 

Under flight conditions, the ' cowling is operated through 
a range of angle of attack. Wh^n the cowling is operated 
at a high angle of attack us in the climbing condition, the 
air tends to flow into the bottom of the cowling and out the 
top and 3oillage occurs. (See fig. L.2.) It nay easily be 
deduced from the foregoing illustration that wide variations 
in total pressure may be obtained even with the Eiost careful 
measurements . 

The true total pressure in fromt of an engine varies 
from the crankcase to the cylinder head and from top to 
bottom under normal operating conditions . For instance, the 
swirl in front of the engine may cause a greater pressure in 
front of one baffle than in front of the other baffle on the 
same cylinder at the same radius. (See fig, 51*) Tube A 
will probably show a higher total pressure than tube B 
(fig. 51). 'The difference between tubes may also vary from 
cylinder head to base. 

These illustrations simply demonstrate that no single 
location nor given number of locations provide a true picture 
of the total pressure in front of the engine available for 
cooling. The pressure must be measured at each point of 
interest just as certainly as it must be measured for each 
condition of operation. There is no justification, otherwise, 
for correlation between cylinder temperatures and pressure 
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Figure 51 • - 



Flo* 



at baffle entrance and exit. 



drops across cylinders. There is no more justification for 
expecting one pressure measurement on a cylinder to be sig- 
nificant than for expecting one temperature measurement to 
be significant. 

The individual tubes must be placed in the fins or in 
the baffles where the value of the pressure) is desired. 
The tube preferably should be installed in the fins a short 
distance behind the entrance to the baffle. (See fig. 51.) 
A tube so located gives the true total pressure at the given 
location. 



The flow behind the engine presents a much less compli- 
cated picture than the flow in front of the engine. Here 
the chief complication arises ±rom the jets of air as the 
flow escanes at the baffle exits, (See fig. 51.) 

If the static pressure is measured behind the engine, 
it will be found constant unless tlie measurements are made 
in the neighborhood, of the baffle exit or near the cowling 
exit where the air is accelerating. 

The total pressure of the flow out the exit slot might 
be measured but such a measurement with flaps and adjustable 
cowling exit may offer some complications • A static- 
pressure measurement at a point remote from the baffle exits 
and the cowling exit is mo3t convenient. The true static 
pressure must be constant behind the engine except near the 
exit slot. A static-pressure gradient could occur behind 



Rear Pressure 
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the engine only because of a resistance to flow. A simple 
calculation of free area behind the engine is sufficient 
evidence that any significant static-pressure gradient would 
be impossible. If an attempt is made to measure the static- 
pressure in the neighborhood of the baffle exit, however, 
wide variations in static pressure nay be measured, depending 
uoon how nearly the static -pressure tube is alined with the 
local flow. A very secluded location accordingly should be 
found for the tube.' In such a location, any type of measuring 
tube nay be used to measure the true static pressure. 

The true nressure drop is given by the difference in 
pressure measured by the total-pressure tube in front of and 
the secluded tube behind the engine. This pressure drop 
applies to the passage in which the total-pressure tube is 
located and, under different conditions, may vary from point 
to point over the engine. 



Effect of Propeller 

Some years ago a series of tests was run on a family of 
cowlings with and without propeller operating. Some of the 
tests were made with an electrically heated cylinder mounted 
on a crankcase and some of them were made on an actual 
oper at ing engine . 

The case of the electrically heated cylinder demonstrates 
some of the cooling problems without the complications of 
variations in heat dissipation due to engine operating con- 
ditions. Figure 52, taken from figure 11 of reference 22, 
shows the effect of a propeller and a blower on the tempera- 
ture distribution around an electrically heated cylinder. 
When the results are plotted as in figure 53, which is taken 
from figure 13 of reference 22, It may be seen that, even 
over the baffled part of the cylinder, the temperatures are 
not determined solely by the pressure drop. 

The fact that figure 55(a) shows correlation even for the. 
front of the cylinder simply means that the disturbances in 
the flow which cool the front of the cylinder are related to 
the speed of the air. The baffled part of the cylinder has 
a flow and a pressure drop that are related to the speed of 
the airplane. 



Effect of Cowling-Entrance Size 

The measurements described were all made with a given 
cowling except where the blower was used. The next step - 
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Figure 52. - Temperature variation around an electrically 
heated cylinder for various conditions, (Data from 
fig. 11 of reference 22.) 

what happens to the cooling in an actual installation - is 
also interesting. Figure illustrates the effect of open 
frontal area on the heat dissipated to the cooling air as 
measured from the air flow and the temperature rise of the 
air. Mo startling conclusions may be drawn from the curves 
of figure 5I4.. It may toe noted, however, that the cowlings 
with the largest openings dissipate the least amount of heat 
to the cooling air. . This trend may toe explained toy spillage , 
whereby part of the" heat transferred to the air in front of 
the engine is spilled out the front of the cowling. 



The tendency of the smal 
more heat to the cooling air 
higher pressure to maintain a 
is also experienced on the te 
cooling on a test stand where 
circular duct and all the coo 
invariably require higher pre 
the same engines installed in 
aircraft , 
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Figure 5I4.. - The ratio of horsepower transferred to cooling 
air to indicated horsepower as a function of indicated 
horsepower for various cowling openings. 



Conclusions 

The foregoing discussion and illustrations simply 
demonstrate that the pressure drop required for cooling an 
engine is a function of many factors, all of which vary ""for 
each test setup and each flight condition. The relative 
effect of these variables may change when flight, wind- 
tunnel, and test-stand results are compared. 

Throughout the testsj just discussed, elaborate measure- 
ments were taken of the pressures' and the velocities at 
numerous points in front of and behind the engine, in the 
fins on the front of the cylinder and Tinder the baffle, and 
at the exit to the cowling. Such measurements establish an 
effective leak area representing the leak area for cooling 
air around the engine. Because this effective leak area 
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remained constant regardless of cowling, propeller, spillage, 
and so forth, the pressure-drop measurements are considered 
reliable . 

If the pressure drops are assumed to be correctly 
measured, it nay be concluded that the various conditions 
imposed by cowling design and flight operation have a sur- 
prisingly large effect on cooling. 

It may therefore be concluded that correlation between 
pressure drop and engine temperature can be obtained at 
present only under the most rigidly controlled conditions, 
such as sometimes exist in test-stand or wind-tunnel tests. 

In view of this conclusion, efforts should be directed 
toward developing installations that produce the greatest 
possible cooling, on the one hand, and engines that are 
adjusted to require a minimum of cooling, on the other hand. 

Pressure drop should not be viewed us synonymous with 
cooling. It is true that, for any set of fixed conditions, 
pressure drop is a measure of cooling but the variation of 
swirl, spillage, carburetor adjustment, power output, engine 
speed, and so forth are such important factors in cooling 
that they should be given as much consideration as pressure 
drop. In fact, increasing the swirl or the spillage in' 
front of an engine and thereby increasing the cooling may b$ 
more feasible in some cases than obtaining the same increase 
by increased pressure drop in the baffles. 



DUCTS 



Means and methods of reducing the Internal losses of 
total pressure that occur in ducts are considered in the 
present section. The experimental data used sre taken 
principally from references 23 to 25. Total-pressure losses 
occur in ducts because of (1) friction^ (2) obstructions, 
(3) change of shape, ( l\. ) bends, ( 5 ) abrupt contractions and 
expansions, and (6) diffusers. The loss in any part of a 
duct - for example } at a corner or in a diffuser - for all 
practical purposes may be taken as proportional to the 
dynamic pressure at that part. The total loss of pressure 
in a duct may then be written 



123 



If a duct can be designed large enough that the dynamic 
pressure in the duct is small, the loss in total pressure 
caused by bends, and so forth, obviously is small, inasmuch 
as k is roughly of the order' of unity. It is not there- 
fore necessary to exercise much care in trying to design for 
-\ small values of k, and the following discussion can be 

;!? largely disregarded. If, on the other hand, it Is necessary 

i for thd dynamic pressure in a duct to be large, losses can 

^ be reduced by making the values of k small. 



Friction 

The loss due to friction in ducts is generally negli- 
gibly small. It can be calculated by the equations given 
in the section entitled lf Pressure Loss." 



Obstructions 

Obstructions (pipes, spars, and so forth) should be 
eliminated insofar as possible. When the obstructions are 
small compared with the size of the duct, the usual fairings 
may be used. When the obstructions are large, the fairings 
should be based on the rules for good diffuser design, in 
order to give a low rate of expansion following the 
obstruction . 



Change of Shape 

A gradual change of duct shape at constant cross- 
sectional area (.for example, a change from circular to square 
section in a distance at least equal to the diameter of the 
circle) gives a negligible loss. 



Eends 

The loss coefficient k = ™ for a bend is a function 
of 4 

(1) The radius ratio or the ratio of the radius of 

curvature R of the duct axis to the diameter or 

width of the duct D measured in the same plane 
as R. (See fig. 55. ) 



(2) 



The aspect ratio or the ratio cf duct height W to 
width D. 
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( 7 ) The angle G through which the air is deflected by 
the corner . 




Figure 55* - Definition of duct symbols, (From fig. 1 in 
reference 25 . ) 

Figure ^6 shows the effect on k of varying R/D and W/D 
for a bend of 90° • It also shows that a circular section 
is better than a square section and tnat a rectangular sec- 
tion with the turn made on the short side (V/>D) can have a 
smaller k than a circular section. 

If it is not practicable to design a bend with desirable 
(high) values of aspect ratio and radius ratio, vanes should 
be used to reduce losses. As the gap -chord ratio s/c of 
the vanes is decreased, the aspect ratio and the radius ratio 
of the bend are increased. The additional vanes, however, 
increase the fricticnal loss. It has been found that, for 
thin metal vanes with the shape of the arc of a quarter 
circle (fig. 57), the total loss is a minimum (k * 0.2) at 
about s/c = 0.45 • 

3end losses are lov.er v/hen the bend is followed by a 
straight duct than v/hen the duct is terminated immediately 
after the bend. For G » 9 L)0 > the straight part should be 
at least ii.D in length , 
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1.0 




o .25 -50 .75 i.oo 1.25 1.50 1.75 

R/D 

Figure 5^. - Loss coefficient k of bend as a function of 
ratio of height to diameter and ratio of radius of 
curvature to diameter. Square, circular, and rectangular 
cross sections; 9 = 90°. ( From fig. 5 of reference 25.) 



Abrupt Contraptions and Expansions 

Losses in the total pressure of the fluid occur at abrupt 
changes in cross-sectional area. The losses that take place 
at abrupt contractions of cross-sectional area (fig. 58) can- 
not be calculated without the aid of experimental data. 
Such data for incompressible fluids can be correlated by the 
equation (p. 757> reference 2b) 



AH = kq 2 
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Figure 57- - Definition of van# aymbols . 

reference 25 . ) 



(From fig. 5 of 



Figure S8. 



- Abrupt contraction 'of croas-sect ional area. 
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where 



AH 



loss in total pressure 



q 2 



dynamic pressure in smaller cross section 



k = 



Q.k (1.25 - f), 



J. ^ 



0.715 



k ~ 



0.75 (1 - f), 



f > 0.715 



f ratio of area of smaller cross section to area of larger 
cross section 

The losses at an abrupt contraction can be materially 
reduced by rounding the edge at the entrance to the smaller 
duct. If the edge is only slightly rounded - as, for 
example, by a few strokes of a file - the loss is reduced by 
approximately one-fourth. 

An abrupt increase in the cross-sectional area of a 
duct (fig. 59) also causes a loss in the total pressure of 
the fluid. This case is one of the few in which loss of 
pressure in flow through ducts can be calculated without the 
•aid of experimentally determined coefficients. Most 



Figure 59 • - Abrupt expansion of cross-sectional area. 



1 



128 



textbooks on hydraulics - for example , reference 27 - show 
that, for lnoouipr e s s lb le fluids, the loss in total pressure 
caused by a sudden expansion is given b^ r the equation 



AH m (1 - f) Z q x 

Her© again the dynamic pressure is to be t$ken at the 
smaller section. 



(68) 



For compressible fluids, the loss in total pressure 
caused by a sudden increase in cross-sectional area, as de- 
rived in an unpublished analysis, is given by the equation 



F 2 , \_SL 



where 



AH _ , feV-Y (l T: 'l 



(69) 



! 

4- 

H 



£2 i + Y£Mlf t Y V^'rf ^l 2 (1 - f) + 1 - 2f 2 Lh 2 + f 2 Hj U- 
Pl Y + 1 



For comparison of the losses in Incompressible and Incom- 
pressible flow, the equation for Incompressible flow .'equa- 
tion (68)) is easily transformed to read 



AH 
1 



by using 



and 



U - fjf 

~T + 1 

II = p + q 

oV 2 



(70) 



YP 
YP 



Equations (69) and (70) are plotted for air, y = l?it-05» 
in figure 60. Inspection of figure 60 shows that, except 
at the highest Mach numbers, the loss for compressible flow 
can be considered the same for most purposes as the loss for 
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incompressible flow and can therefore be calculated by the 
simple equation (68). 



ah/h 




Figure 60. - Loss in total pressure at abrupt expansion as a 
function of area ratio and J.Iach number in compressible and 
incompressible flow. y = 1.1|X>5« 



Diffusers 

The principal function of a diffuser, or expanding sec- 
tion, is to increase static pressure by transforming dynamic 
pressure to static oressure. The adverse static-pressure 
gradient in a diffuse? tends to produce separation of flow 
at the walls and the separation causes a loss in total pres- 
sure. The principal design problem is to prevent separation. 
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If the distribution of velocity is constant across the 
initial and the final sections cf a dif f user, the dif f user 
efficiency can be defined as 

■n = -= 1 

For the velocity distribution of turbulent flow, this equa- 
tion gives an efficiency that is only a few percent too large # 

The principal factor upon which the efficiency n de- 
pends is the rate of expansion. Figure 6l shows the varia- 
tion of rj with the angle of expansion 29 for a rectangular 
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Figure 61* - Dif f user efficiency as a function cf expansion 

anf-le and expansion ratio. 



section and for circular sections of various expansion 
ratios. For conical dif f users a the angle of. expansion of 



The efficiency 
°. For 



greatest efficiency lies between 5° C°< 
decreases rapidly as 26 increases beyond about 10 
square dif f user s, the angle of expansion for which the effi- 
ciency is greatest is about 6°. Fox rectangular dif f users 
in which the tnJJiial section Is square and one pair of walls 
remains parallel whereas the other pair diverges, maximum 
efficiency occurs at about 26 ~ 11°. Figure 6l also shows 
that the efficiency decreases as &g$A* increases and that 
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the effect is greatest for large values of 28 • At the 
sane rate of expansion* that ta, at the same increase in 
area per unit length of duet, the circular section is more 
efficient than the square section and the square section 
is more efficient than the rectangular section. 

There is less tendency for separation to occur and the 
efficiency is better for a thin boundary layer at the dif- 
fuser entrance than for a thick one. The efficiency there- 
fore is better for a abort duct ahead of the diffuser than 
for a long one. This fact, however, is principally of 
academic interest and ia not of much practical value in de- 
signing ducts for aircraft, for which" duct length is generally 
dictated by o-cher factors. 

Because the static pressure continues to rise for some 
distance from the exit of a diffuser, the efficiency of a 
diffuser is greater when it is followed by a length of outlet 
duct. Tor 2e = 8°, the efficiency may be increased 5 to 
15 percent by an outlet duct. The* effect is greater when 
29 is larger than P° , If the entrance velocity distribu- 
tion is constant, the outlet ducb length should be about 
I4JD2; if the entrance velocity distribution is that of tur- 
bulent flow, the length should be about 6D^. 

When a quick expansion must be used, separation can be 
delayed and the efficiency increased by curvature of the 
wails. The benefit of curvatrre is most pronounced in the 
range 15°< 20 < 30° • A good type of curvature seems to be 
one that begins gradually and ends in a straight line, as 
shown in figtire 62. 




Figure 62. - Diffuser with 



curved walls . 
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Loss In total pressure at quite large angles of expansion 
may be reduced by use of deflectors. A system of deflectors, 
such as is shown in figure 63, can increase r\ m about 40 
percent for 26 » 90°. 




Figure- 61f.« 



•Definition of diffuser symbols. 
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Diffusers Follov/ed by Resistances 

When a heat exchanger is directly behind a diffuser, 
the expansion can be made much mora rapidly, for the same 
loss of total pressure, than v/hen a large resistance is not 
behind the dif f user . Tests of dif fuser-resistance combina- 
t tions were reported in reference Z8 $ frori which the material 

in the present section is taken. In these tests, the dif- 
fuser shape was defined by three variables: a radius R u 
at the entrance of the dif f user, an angle 29 of a cone, 
and a radius Rq at the exit of the diffuser. (See 
fig. 6k.) 
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Figure 65. - Diffuser efficiency rj as a functio n of ex- 
pansion angle 20, conductivity/ of resistance Vq/Ap, and 
entrance length-diameter ratio' L/D. Ag/Aj * 2, "(Fron 
fi.% 19 of reference 23.) 
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Figures 65 and 66 show the efficiency r\ of a diffuser 
that is followed by a resis tanc e, as affected by the conduc- 
tivity of the resistance y^/zip, the ratio of expansion 
A2A1* and the L/j of the entrance duct, that is, the velo 
city distribution' at the diffuser entrance. 




0 20 I4.0 • 60 80 100 120 1L0 

28 



Figure 66. - Diffuser efficiency n as a function of_ex- 
pansion angle 28, conductivity of resistance a/c./Ap, and 
entrance length-diameter ratio L/D. A2A1 = 5- (From 
fig. 20 of reference 23.) 
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to 



The tests showed that the value of R u Is not critical. 
It need be only large enough to remove the abruptness of the 
corner. A value of = $2/3 appeared better than other 

was very short, 
very short, the beginning of the curve 
3 D2/6 was better. The 
is as shown in figure 61+ • 



values tested, except when the diffuser 



When the diffuser was 
was too abrupt and a value o 
effective angle of expansion 



Lang ley Memorial Aeronautical Laboratory, 

National Advisory Corrraittee for Aeronaut: 
Langley Field, Va. 
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APEENDIX A 



PHYSICAL PROPERTIES OF AIR 

The specific heat of air at constant pressure may be 
taken as 

c p f 0,2^3 Btu/lb/°F 

for all temperatures and pressures encountered in heat- 
exchanger work. 

The PrandtXaiunber for air, can be considered a t constant 
and' equal to 

!b£5 u 0.76 

k * ' 

For. .air, the ratio of the specific heat at constant 
preastrre' to the specific heat at constant volume is 

Y ~ 1.I05 

The . cotrffi-cdent of viscosity a of air and the thermal 
conductivity k of air can be considered functions of 
temperature' only. These quantities are shown as functions 
.of temperature in °V in figure 6?. The value of u at 
68° F was taken from reference 29 and the value of k at 
32° F was taken from reference JO. Values of both u. and 
k at other temperatures were calculated by Sutherland's 
eqi*a4ion. ,gi»en in reference 30. 
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APPENDIX B 



PROPERTIES OP NACA L ARM*, AND NaVY ATMOSPHERES 



A standard atmosphere is necessary for computing, evalu- 
ating, and compearing the performance of aircraft at altitude. 
The properties of three standard atmospheres as defined by 
the NACA, the Army, and the Navy are given in tables V to VII. 

The standard atmosphere defined by the NACA is an ap- 
proximate yearly average of conditions at 1+.0 0 latitude in the 
United States, The sea-level temperature is taken as 59° F« 
A uniform temperature gradient of J. 560° F per 1000 ft is 
assumed from sea level to J3,3?2 ft, where' the temperature 
is -6-7° F. Altitudes higher than 55/332 ft are assumed 
isothermal at -67° F. Pressures in the NACA standard atmos- 
phere are given by the equation 

p = p e -c:<altitude 

in which p 0 is the sea-levol pressure of .121 in. of 
mercury and c is a function of a mean temperature, which 
in turn is a function of altitude. (See reference 31. ) 
Densities are computed by the general gas law, with sea- 
level density taken as ol 00237 8 slug/cu ft. 

The standard atmosphere used by the army has a tempera- 
ture at sea level Ll0° P higher than the temperature of the 
NACA standard atmosphere. The gradient is the same as i» 
•'the NACA atmosphere; that is, the tern] erature reaches -67 0 F 
at ij.6,5v9 ft 1 where the isothermal region is' assumed to begin. 
Pressures at all attitude q are taken to be the same as In 
the NACA atmosphere. 

The standard atmosphere used by the Navy has a tempera- 
ture at sea level 30° P higher than the temperature of the 
NACA standard atmosphere. The gradient is the same as in 
the NACA atmosphere; the temperature reaches a constant value 
of -67 0 F at ij.3,656 ft. Pressures at all altitudes are 
taken to be the same as in the NACA atmosphere. 
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[ACA STANDARD ATMOSPHERE 



Altitude 

I 


Temp ei' a tare 
( °F ) 


Pressure 
( in . Eg ) 


Density, p 
f s1uk/cu ft) 


Relative density, 


o ! 

1,000 i 
2,000 1 
5,000 1 

4,000 
5,ooa 

6,000 

7, coo 
3,000 
9, coo 


554 
. 51.9 

L8.3 

[4-7 

41. 2 j 
37.6 j 
5L.0 
:/ 0 . 5 
26 . 9 


1 

29 C2 

23.86 

27. £2 
26.81 . 
25-%. 
24.89 1 
23.98 
23.09 
22 . 22 
2 1.5 8 


0.002578 
.002509 
.0022k2 
. 00217b 
.002112 
. I020k9 
.001.0 38 
.001928 
.00 ?.G6o 
.001812 


1.00C0 

.9710 

.911.28 

.9151 

..8381 
.8616 
.8558 
. 3106 

.7859 
.7619 


10,000 
11,000 
12,000 
15,000 
14,000 
15,000 

16,000 

17,000 

18,000 
19 , ooo 


25.3 
i|.B 

16.2 
12.6 

9.1 

5.5 

I.f 
-1.6 , 

-5.2 

-3.8 


20.58 

19.0* 

1 'P po 

17.57 
16.88 
16.21 

15 56 

14.9'; 
14.33 


.001756 

.001702 

.001648 
.001596 
.001545 

.001L96 
.001] 13 

.091 1 01 

.061355 
.001511 


.7f% 
.715k 
.6951 
.6712 

.6201 
.6088 
.5891 
.5698 
.5509 


20,000 
21,000 
22,000 
25,000 
24,000 
25/000 
26,000 
27 , 000 
23,000 

29,000 


-12.5 

-15.9 
-19,5 
-23.6 
-26.6 
-30.2 

■03.? 

. -4O . 9 

444 


13.^ 

13.1.8 

12 . 5* 
12.10 
11,59 
11., 10 
1 0 . 62 
10.16 
Q.720 
9.205 


001267 
.001225 
.001185 
.00143 
.001105 
.001065 
.001028 
.000992 
.000557 
.000922 


.5148 

.4305 
.46I1.0 

.1:480 

4325 
.4.171 
,4025 

.5879 


50,000 

51,000 
|2,000 

55,000 
3H,ooo 

55,000 
56,000 

57,000 
58,000 
59,000 


. 48.0 
. -51.6 
-55.1 
-58.7 
. -62.2 
. -65.3 
-67.O 
-67.O 
-67.0 
-67.O 


8.83c 
B.ife 
8.101 
?.7 7 '-7 

7.377 

7.05... 

6.708 
6.5 " 
6.096 
5 . 812 


.000889 
.000857 
.000826 

.OOO765 
. OOO756 

.000704 
.000671 
.000640 
.000610 


.3603 

.'5u72 

.334| 
.3218 

.-093 

.2062 

.2824 

.2692 

.2566 
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TABLE V •- Continued 
NACA STANDARD ATMOSPHERE - Continued' 



Altitude 


Temperature 
( °P) 


.... . . _ 

Pressure 
( in. H ;) 


Density, p 
( slug/ou ft ) 


Relative density, 
P/Po 




IlO,000 
4l,000 
42,000 

S,ooo 

IS., 000 
k5,ooo 
45,000 
47,000 

lj.8,000 

)iQ 000 


-67.O 
-67.O 
-67.O 
-67 . 0 

-67.O 
. --67.O 
-67.O 
-67.O 
-67.O 

-67 .0 


5.5)4.1 

5 .030 
k.802 
k.57'3 

LI . 1 0 U 
* .966 
5J781 

J .bOlj. 


O.OOO582 
.OQO|54 
.000529 
.00050a 

.oookSi 
,oook59 
,oook57 
.000417 

.000397 
.000379 

• Sis 


0 . 244? 

.2332 
.2224 
.2120 
.2021 
.1926 
.1837 

.1669 
.1591 


I 


50,000 

51,000 
52,000 
55,000 
5k, 000 
55,000 
56,000 
57,000 
58,000 
59,000 


-67.0 
-67.0 

-67 .0 

-67.0 
• -67.0 

-67.3 

-67.0 
-67.0 
-67.0 
-67.0 


'5.276 

mak 
2.978 

2.859 

2.707 

2.531 
2.L60 

2.3W 
2.236 


.000361 
.ooo3,ul 
.000328 
.000313 

.000293 
.00025k 
.000271 
.000253 
. 000246 
.000255 


.1517 

. 3447 
.1579 
.1316 • 

.1253 
.1194 

.1140 
.1085 
.103k 
.0988 




60,000 
61,000 
62,000 
65,000 

6k, 000 

65,000 
66,000 
67,000 
68,000 
69,000 


-67.0 
-67.0 
-67.0 
-67.0 
-67.0 
-67 .0 
-67.0 
-67 .0 
-67.0 
■', -67.0 


21.152 
2.055 

1.558 

1 . 8k7 
1.761 
1.679 
1 . 601 
1.526 

1.455 
1.387 


. 00022k 
.00021k 
,000204 
.000194 

.000185 
.000176 
• ,000168 
.000160 

.00015- 

.000146 


.09k2 
.0900 
.0858 
.0816 
.0778 
.07ko 
.0706 
.0673 
,0643 
.0614 




70,000 
71,000 
72,000 
75,000 
7k, 000 
75,000 
76,000 
77,000 
78,000 
79,000 
80,-000 


; -§7.0 

-67.0 
-67.0 
-67.0 
-67.0 
-67.0 
-67.0 
-67.0 
-67.0 
-67.0 
-67 .0 


1,322 
1.261 
1.202 
1 . 11,6 
1.093 
1 . Okl 
0035 

.;;a.6 
.902 
• .860 
. 820 


.000159 
.000152 
.000126 ' 
.000120 
,000115 
. 000109 
.000104 
.OCOC ; ' 
.000095 
.000090 
! .000036 


.0585 

.0555 
.0530 
.0505 
.0484 
.0k58 

•°437 
.Okl 6 

.0399 

.0378 
.0362 





TABLE VI 



ARL1Y SU1C.ER STANDARD ATMOSPHERE 



Ltude 



Tornoerax;ure 
(°F) 



Pressure 
(in. Hg) 



Density, p 
(slug/cu ft) 



Relative density, 
p/ P 0 



0 

1,000 
2,000 

3,000 

4,000 
6,000 

6,000 
7,000 

8,000 

9,000 

10,000 
11,000 
12,000 
1^,000 

iu,ooo 

] 5 , ooo 
16,000 
17,000 

18,000 

:?,ooo 

20,000 
21,000 
22,000 

25,000 

2I ; , 000 

25,000 
26,000 
27,000 
2e,ooo 
29,000 

30,000 

31,000 
32,000 
7 >3,ooo 
3&, 000 
35,000 

36,000 

37,000 
2 .8, 000 
39,000 

1+0,000 

1+1, 000 

1+2,000 
1+3,000 

z+4,000 
45,000 
U6, 000 

1+7,000 
1+8,000 

1+9,000 



99.0 

95.1+ 

91.9 

88.3 

m* 2 

81 .2 
7I+.Q 

70.5 

66.9 

63.3 
59.8 
56.2 
m.6 
m.i 
h.% 

la/? 

38.1+ 
7 >l+.8 

51.2 
27.7 

21+.1 

20.3 

17.0 

13. h 
9.3 

6.3 

2.7 

••6.0 
-11 .6 

-15.1 

-18.7 
-22 2 
-25." 8 

-29 o '+ 

-32.9 

-36.5 

-1+0.1 



-57.9 

-61.5 

-65 .0 
-67.0 
-67.0 
-67.0 



29.92 

28.86 

27.82 

26. 81 
25.6l>. 

2L.89 
23.98 
23.09 

22.22 
21.38 

20.58 
19.79 

19. 0-; 

18.29 

IMl 
10.88 

16.21 

15.56 

IH. 91+ 

14.33 
13.75 

1^.18 
12.63 
12.10 

II. 59 
LI. 10 
10.62 
10.16 
9.720 
9.293 

0.860 
8.1+83 
6.101 
7.732 
7.377 
7.036 
6*708 
6.395 
6.096 
5.312 

5.51+1 
5.283 
5.036 

4. 802 
1+.578 

k.m 

ii.160 
3.966 
3.781 
3.60I+ 



0.002207 
.002143 
.002081 
.002017 
.©01958 
.OOI307 

.ooi3la 
.001783 
.001729 
.00167I+ 

.001623 
.001571 
.001521 

.0011+72 
.0011+23 
.001378 
.001 7 >52 

.001239 

.001245 
i 001205 

.OOII63 
.001123 

.001085 

.0010,':.? 
.001010 
.00097k 
'i OOO94O 
.000907 
.000371+ 
.0003ia 

.000311 
.000761 
. 000752 
.000723 
.OOO695 
.000668 

.00061+3 

.000618 

. 00059k 
•000571 

.00051+0 

.000528 

.000S08 
. 0001+68 
.O00L7O 
.0001+52 

.000ul7 
.OOO397 
.000379 



1.0000 

.9710 

.9129 
.9139 
.8872 

.3595 
.831+2 

.8079 

• 783U 
.7535 

• 7351+ 
.7118 
.6392 
.6670 
.61+1+3 



.6035 
.581+1 
.561+1 
.5l;-6o 

.5270 

..5088 

47m 
.4.576 

.p59 
Jaio 
.3960 

.3611 

.3675 
.3539 

.3276 
.31I4.9 
.3027 

,2911+ 
»28QD 
.2691 
• 2587 
.21+8'! 
.2392 
.2302 
.2211 
.2130 
.201+8 

. 1967 
.1889 
.1799 
.1717 



TA3LE VII 



NAVY SUMMER STANDARD ATMOSPHERE 



Altitude 



temperature 
(°F) 



Pressure 
(in. Hg) 



Density, p 
(slug/cu ft) 



Relative density, 



0 

1,000 
2,000 

3,000 

n,ooo 

5,000 
6,000 
7,000 

8,000 

9,000 

10,000 
11,000 
12,000 
15,000 
ll+,000 

15,000 
16,000 

17,000 
10,000 

19,000 

20,000 
21,000 
22,000 
23,000 
2U,000 
25,000 
26,000 

27,000 

28,000 

29,000 
30,000 

31,000 

32,000 
33,000 
3^,000 
35,000 
36, 000 
37,000 

58,000 

39,000 
1)0,000 

la, 000 
142,000 

1+3, 000 
1+1+, 000 



89.0 
85.U 
81.9 
73. 3 

7U.7 
71.2 

67.6 

61+. 0 
60.5 
56.9 

53.3 

ii9.8 
U.6.2 
h2.6 
39.1 
35.5 
31.9 
28.1+ 
2&.8 

21.2 

i;/.7 
ll+.l 
10.5 

7.0 



-3.7 
-7.3 
-10.9 

-lh.h 

-18.0 
-21.6 
-25.1 
-28.7 
-32.2 

-35.6 

-39 .h 
-L.3.0 

-1:.6.6 

-50.2 

-55.0 
-57.1+ 

-61.0 

-a.. 6 
-67.0 



29.92 

28.86 
27.82 
26.81 
25. 81+ 
2I+.89 
23.98 
23.09 
22.22 
21.38 

20.58 
19.79 

19. c 3 
18.29 

17.57 
16.88 
16.21 
15.56 
1U.9I+ 
iU.33 

13.75 

13. 18 
12.63 
12.10 

11.59 
11.10 
10.62 
10. 16 

9.720 
9.293 

8.880 

8.1+83 
8.101 
7.732 
7.377 
7.036 

6. 70 8 

6.395 
6.096 

5. 812 

5.5la 
5.283 
5.036 
L..802 



K?8 



0.00221+8 
.002183 
.002118 
.00205l|. 
.001993 
.001933 
,001875 
.001618 
.00176.1 
.001706 

.001651+ 
.001601 
.0®i55i 
.001501 
.001L52 
.0011,05 
.00135'./ 
.00131a 
.001271 
.001228 

.001187 
.001ll;7 
.001107 
.001069 
.001032 
.OOO996 
.OOO96O 
.000926 

.000893 

.000060 

.000829 
.000798 
.OOO768 
.000739 
.000711 
.000681+ 
.000653 
.000633 
.000603 
.000585 

.OOO56I 

.ooo5lii 
.000521 
.•000501 
.000U81 



1.0000 

.9711 
.9I+22 

.9137 
.8866 

.3599 
.83&1 
.3037 

.78314 

• 7589 

.7358 
.7122 

.6899 
.6677 
.61+59 
.6250 

.60L5 
.581+5 
.565U 
.51+63 

.5280 
.5102 

A&2k 

■ .1*755 
.4591 
.14431 

.1;270 

.la 19 

.3972 
.3826 

.3688 
.3550 

• 3U16 

.3287 
.31p3 
.301+3 
.2927 
.2816 
.2705 
.2602 



.2I+07 
.2318 
.2229 
.211+0 



l) + 3 

APPENDIX C 



IMPACT- PRESSURE CHART 



Impact pressure is shown in figure 68 as a function of 
speed and altitude. Impact pressure is the pressure shown 
by a pitot-static tube and is defined as the total pressure 
minus tne static pressure, that is, the static pressure at a 
stagnation point minus the static pressure in the free 
stream , 
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Fi gure 6 8. - Impact pressure as a f unction of speed ajid^LtilaMe. 



